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Energy storage has become an increasingly important topic due to the need for rapid 
deployment of intermittent renewable energy sources and electric vehicles (EVs) around the world. 
Today’s EVs, which have entered mass-market production over the past decade, are almost 
exclusively powered by lithium-ion batteries. However, there is a long way to go before EVs 
become dominant in the global automotive market. In addition to global government policy 
support, widespread deployment of EVs will likely require high-performance and low-cost energy 
storage technologies including both batteries and fuel cells. Zinc-air batteries have been proposed 
as a low-cost and energy-dense candidate to replace or supplement lithium-ion batteries in EVs; 
however, an electrically rechargeable zinc-air battery with a sufficient combination of energy 
density, cycle life and calendar life for this application has yet to be developed. In an effort to 
address this research gap, this thesis (i) explores the viability of zinc-air battery technology in EVs 
with a thorough and evaluative literature review and (ii) experimentally investigates the use of 
nickel-based air electrodes for durable and energy-dense rechargeable zinc-air batteries. 
This work begins with a comprehensive evaluation of various batteries and hydrogen fuel 
cells possessing the greatest potential to benefit future EVs. Three sectors that are not well served 
by current lithium-ion powered EVs, namely the long-range, low-cost and high-utilization 
transportation markets, are discussed. The technology properties which must be improved upon to 
fully enable these EV markets include specific energy, cost, safety and power grid compatibility. 





improved characteristics are compared and separately evaluated for each market. Then, the 
technological status of these battery and fuel cells are briefly reviewed, emphasizing barriers which 
must be overcome. Zinc-air batteries are identified as one of the technologies which could enable 
lower-cost and longer-range EVs, particularly when used as a range extender in conjunction with 
another battery with complementary properties.  
Next, a detailed review of the current status and technological barriers of zinc-air batteries 
is provided. The limited cycle life and calendar life of these batteries is mainly caused by dendritic 
growth and shape change of the zinc electrode in addition to corrosion and carbonate formation at 
the air electrode. A variety of zinc electrodes and air electrodes designed to mitigate these issues 
are evaluated, with a specific focus on the potential of these electrodes to be used in long-lasting 
energy-dense zinc-air batteries.   
The next part of the thesis focuses on nickel-based air electrodes, which have shown promise 
as a corrosion-resistant substitute for conventional carbon-based air electrodes but have not 
previously undergone an in-depth study of their performance in zinc-air batteries. Specifically, the 
effect of the nickel (oxy)hydroxide passivating film on the electrode’s catalytic performance and 
durability requires investigation. To fill this research gap, a method involving electrochemical 
estimation of the nickel (oxy)hydroxide film capacity was used to correlate the growth of the film 
to performance losses experienced on the air electrode after battery cycling. The main cause of 
voltage loss was determined to be the nickel (oxy)hydroxide film growing overtop of and inside 
the catalyst-coated nickel aggregates. This resulted in significant activation and mass transfer 





accounted for at least 65% of the total voltage degradation at 10 mA cm-2. Potential modifications 
to the electrode structure which could mitigate these voltage losses are discussed, including 
reducing the nickel particle aggregate size, using high-aspect ratio catalysts, and physically 
separating the catalyst and nickel particles with non-film-forming conductive additives. 
Finally, a new nickel-based air electrode having both improved cycle life and substantially 
lower mass and volume than previous designs is presented. The thin nickel foam-based electrode 
can provide more than 1100 charge-discharge cycles during over 700 hours of operation with a 
discharge potential over 1.0 V vs. Zn at a current density of 10 mA cm-2, or more than 500 charge-
discharge cycles during over 340 hours of operation with a discharge potential over 1.0 V vs. Zn 
at a current density of 20 mA cm-2. Estimates of the specific energy and energy density of 
rechargeable zinc-air batteries incorporating this air electrode paired with various reversible zinc 
electrodes from the literature are calculated. From these results, the potential viability of this 
electrode and future work needed to successfully develop an energy-dense rechargeable zinc-air 
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Chapter 1:  Introduction 
 
1.1 Motivation 
Increasing energy demand in combination with volatile energy prices and climate change 
awareness has accelerated the transition from fossil fuels to renewable energy. However, even with 
the levelized energy cost for renewable energy sources approaching or headed below that of fossil 
fuels, their intermittent nature remains a challenge to widespread adoption in the global energy 
mix.[1,2] With this in mind, the task of developing new energy storage systems is more urgent than 
ever. Batteries, which operate by storing and converting chemical energy into electrical energy, 
are a well-known solution. One of their biggest advantages over traditional forms of energy storage 
is the ability to be scaled down to small sizes, which has made them indispensable for portable 
electronic devices.  
Electric vehicles (EVs), which are expected to replace internal combustion engine vehicles 
(ICEVs) in the coming years, are another industry where batteries have the potential to be the 
dominant form of energy storage. Most EVs today use lithium (Li)-ion batteries, which have 
dominated the rechargeable battery market since their advent in the late 1990s. The main 
disadvantages of Li-ion batteries are their high cost and concerns regarding both their safety and 
the supply of Li and cobalt (Co) (the latter of which is most commonly used in the positive 
electrode). Their energy density is also limited by the fundamental capacity of the electrode 
materials.[3,4] As a result, some believe that widespread consumer adoption of EVs could still be 





Metal-air batteries display considerably high energy densities, because oxygen (O2) is used 
as the reactant at the positive electrode and is stored outside of the battery until it is discharged. 
Primary and secondary metal-air batteries with metals such as Li, potassium (K), sodium (Na), 
magnesium (Mg), aluminum (Al), zinc (Zn) and iron (Fe) have attracted much attention.[8–11] The 
theoretical specific energies (i.e. gravimetric energy densities), volumetric energy densities and 
nominal cell voltages of various metal anodes in metal-air batteries are shown in Figure 1.1. For 
secondary metal-air batteries, Li metal has received the most attention in academia since it has the 
highest theoretical specific energy (5928 Wh kg-1) and a high cell voltage (nominally 2.96 V). 
However, Li in the metallic form is plagued by its inherent instability when exposed to air and 
aqueous electrolytes.[12] Mg and Al-air batteries are both compatible with aqueous electrolytes and 
have energy densities comparable to Li-air; however, their low reduction potentials typically lead 
to rapid self-discharge and poor coulombic charging efficiency.[8] Zn and Fe are more stable and 
can be charged more efficiently in aqueous electrolytes; out of these two, Zn is more promising 
due to its greater energy and cell voltage within an aqueous metal-air battery. Zn metal within a 
metal-air battery has a high volumetric energy density (6136 Wh L-1) comparable to that of Li-air; 
this is particularly desirable for EVs due to the limited volume for mounting the batteries.[13] 
Moreover, the inherent safety of Zn means that Zn-air batteries can be employed with relatively 
little protective components and placed in the front hood of an automobile, where provision for air 







Figure 1.1. Theoretical specific energies, volumetric energy densities and nominal cell voltages 
for various metal anodes in aqueous and non-aqueous metal-air batteries. Specific energy values 
account for O2 uptake in the battery by numeric integration between the fully charged and fully 
discharged states. Volumetric energy densities were calculated using the density of the anode in 
the fully discharged state. (Refer to the Appendix for calculations and further explanations.) 
 
Due to its low cost, high capacity and safe nature, zinc is the most common anode material 
in primary metal-air batteries, which are often better known as disposable hearing-aid batteries. 
Rechargeable Zn-air batteries for EVs were heavily investigated by the industry between circa 
1975-2000,[14–27] but the rise of lithium-ion batteries likely caused a pause in these efforts until 
around the start of this decade. EOS Energy Storage, NantEnergy (formerly Fluidic Energy) and 





lower costs than lithium-ion batteries due to the use of more inexpensive materials and less need 
for safety design considerations.[28–30] However, no electrically rechargeable zinc-air batteries with 
a static electrolyte, which are most appropriate for EV applications due to their higher energy 
density, have yet reached the market. 
 Despite their compelling cost and energy density advantages, electrically rechargeable Zn-
air batteries are unlikely to fully replace Li-ion batteries in EVs within the foreseeable future. This 
is because of their relatively low energy efficiency (70% or less) and limited cycle life (hundreds 
of full charge-discharge cycles at most).[31] However, Zn-air batteries have recently been proposed 
as a range-extender in EVs containing both Li-ion and Zn-air battery packs.[32,33] In this concept, 
the Li-ion battery is designed to provide enough capacity for a relatively short driving distance 
(for example: 100 km, which a typical U.S. driver only surpasses approximately 15 days per 
year[34]). The high-capacity Zn-air battery pack in this concept is only activated when the Li-ion 
battery’s state of charge falls below a specified value on long-range vehicle trips. This dual-battery 
operation thus takes advantage of the high cycle life and energy efficiency of a relatively low-
capacity Li-ion battery, while also benefitting from the high energy density and cost-effectiveness 
of a high-capacity Zn-air battery. An EV with a dual-battery pack as such could offer an enticing 
combination of a relatively low price and a high driving range, which is not currently available in 
the market. The end-goal of this research thus lies in contribution to the development of an 






1.2 Thesis Objectives and Structure 
 The objectives of this thesis are to (i) evaluate the specific opportunities and scientific 
challenges for zinc-air batteries to improve the performance of electric vehicles, (ii) contribute to 
the understanding of air electrode design issues for this application, and (iii) develop and 
demonstrate a new air electrode design that closes the technological gap needed to achieve a 
durable and energy-dense electrically rechargeable battery. Chapter 2 places zinc-air batteries in 
the context of other commercial and emerging rechargeable batteries and hydrogen fuel cells, thus 
highlighting their specific strengths and most likely technological role in enabling new electric 
vehicle markets. Chapter 3 provides a detailed overview of the scientific mechanisms and issues 
associated with rechargeable zinc-air batteries, with a specific focus on the material research 
directions needed to obtain durable and energy-dense cell designs. Chapter 4 aims to close an 
identified research gap by investigating the performance and uncovering the failure mechanism of 
corrosion-resistant nickel-based air electrodes for rechargeable zinc-air batteries. Next, Chapter 
5 details a new thin nickel foam-based air electrode design which mitigates and withstands the 
nickel oxidation issue identified in the previous chapter, and also can more easily enable a high-
energy density zinc-air battery in comparison to previously reported nickel-based electrode 
designs. Finally, Chapter 6 summarizes the major findings from each chapter and offers some 
future research suggestions which should aid in the further development of energy-dense 






Chapter 2:  Evaluation of Batteries and Fuel Cells for 
Emerging Electric Vehicle Markets 
 
2.1 Introduction 
 Although first introduced as early as the 1800s,[35] electric vehicles (EVs) have only begun 
to experience significant adoption since the start of the present decade. Global EV sales have 
escalated from less than 10,000 in 2010 to 774,000 in 2016, surpassing a total of 2 million 
cumulative sales.[36] Vehicle electrification is now seen as the major decarbonization pathway for 
nearly all road-based transportation.[37] Worsening urban air quality has also led several countries 
to announce intentions to ban sales of internal combustion engine vehicles (ICEVs),[38] which will 
need to be replaced by EVs. 
 The growing success of EVs can be attributed, from a technological perspective, to 
advancements in electrochemical energy storage technology. The specific energy of lithium-ion 
(Li-ion) batteries, which increased from approximately 90 Wh kg-1cell in the 1990’s to over 250 
Wh kg-1cell today,
[39,40] has allowed full-size automobiles to travel sufficient distances for typical 
driving patterns.[41] Meanwhile, the cost of Li-ion battery packs has decreased from over 1,000 
US$ kWh-1 to approximately 250 US$ kWh-1,[39,42–45] allowing EV prices to fall to a price that 
early adopters are willing to pay.  
 Figure 2.1 displays the evolution of cumulative EV sales and EV market share that is needed 





to 1.75°C.[37] Referred to as the Beyond 2 Degrees Scenario (B2DS), this pathway calls for 
cumulative EV sales of 1.8 billion and an EV market share of 86% by 2060. The inset within 
Figure 2.1, displaying cumulative vehicle sales of ~2 million and a market share of 0.2% in 2016, 
demonstrates the extremely early stage of current global EV adoption and the large amount of 
future adoption that is needed. EV adoption to date has been heavily dictated by government policy 
instruments, such as financial incentives, sales mandates and free vehicle charging.[46,47] Although 
these policies are likely to spur further adoption, it could become financially unsustainable or 
undesirable to scale them up to the level needed to facilitate the market share prescribed in Figure 
2.1. Moreover, it is not certain that EVs powered by Li-ion batteries will be suitable for every 
vehicle market due to inherent limits in their energy storage capacity, safety and achievable cost. 
Alternative technologies which can power EV drivetrains are therefore an important focus. 
In this chapter, the potential of batteries and hydrogen fuel cells for improving the 
performance and reducing the cost of EVs is evaluated. First, three automotive markets which have 
not seen significant penetration by Li-ion powered EVs are outlined, and the energy characteristics 
which require improvement for EVs to succeed in these markets are discussed. Then, the properties 
of five battery types which are commonly discussed as candidates to power new EVs are compared 
and evaluated. Finally, brief status reviews of each battery as well as hydrogen fuel cells are 








Figure 2.1. Evolution of cumulative EV sales and EV market share prescribed in the 
International Energy Agency’s Beyond 2 Degrees Scenario. Cumulative EV sales up to 2016[36] 
are shown in the inset. Battery, plug-in hybrid and hydrogen fuel cell EVs are all included in 
these data. The Scenario data is from ref. [37]. 
 
2.2 Energy Storage Barriers in Emerging Electric Vehicle Markets  
2.2.1 Long-Range Transport 
Inadequate driving range, or so-called “range anxiety”, is frequently reported as a key 
technological barrier preventing consumers from purchasing EVs.[48,49] Longer EV ranges are 
particularly desired in the United States,[50] which may be attributed to longer potential travel 
distances and less reliance on public transit than other developed regions.[51] Over one half (54%) 
of U.S. consumers in a 2016 survey required a range of at least 175 miles (282 km) to consider 





considering an EV that could reduce fuel costs by one-third, 52% of respondents were unwilling 
to spend more than 5,000 US$ above a gasoline-powered vehicle, while 29% would not spend 
above a 1,000 US$ premium.  
In Figure 2.2, the driving ranges for EVs currently available in the U.S. market are 
compared to their price premium relative to average vehicle prices in the same size segment. 
Notably, each EV is at least $5,000 US$ more expensive than the average vehicle price in its 
respective vehicle size class. While other factors such as low manufacturing volumes and extra 
vehicle features may contribute to high prices, the positive correlation between EV range and price 
premium indicates the significant cost contribution of the batteries. A range-dependent 
willingness-to-pay model for U.S. consumers[50] was used to expand the aforementioned consumer 
survey results into boundaries of requirement, where 52-54% of U.S. consumers require an EV 
with a price premium and range below the upper requirement boundary, while 29% of U.S 
consumers require an EV with a price premium and range below the lower requirement boundary. 
This figure shows that without government incentives, none of the currently available EVs would 







Figure 2.2. 2017 model EV ranges and price premiums. Price premiums are defined relative to 
average transaction price for vehicle size segment (including ICEVs and excluding luxury 
vehicles). Selected 2017 model EVs are also re-plotted in the green area with their price adjusted 
for a battery cost of 70 US$ kWh-1 (initial battery cost assumed to be 250 US$ kWh-1). The ‘+’ 
and ‘×’ coordinates represent the range and price requirements for 52-54% and 29% of U.S. 
consumers, respectively.[48] These data points are expanded into requirement boundaries using a 
range-dependent willingness-to-pay model for U.S. consumers.[50] Note that the price premiums 
of luxury-class EVs were not measured relative to other luxury-class vehicles; this was chosen so 
that each vehicle price premium could be compared to the price requirements of typical 
consumers for whom cost is a primary concern. Further vehicle data provided in Supplementary 
Table 1. 
 
Recent forecasts predict lithium-ion battery pack costs will fall to near 70 US$ kWh-1 by 
2030 or 2040 as manufacturing efficiency is further improved.[43,52] If 2017 EV prices are adjusted 
to reflect this value, three models (Chevrolet Bolt, Hyundai Ioniq Electric and Tesla Model 3) 
appear to pass the 50% U.S. consumer requirement threshold (Figure 2.2). However, EVs with 
these adjusted prices would remain far short of meeting the requisites of nearly 30% U.S. 





energy storage costs are removed from the vehicle prices, none of the current EV models would 
provide a driving range that 30% of U.S. consumers would be willing to pay for. Therefore, 
substantially improving EV ranges without increasing cost appears to be the only way to satisfy 
the long-range transportation market. This requires reducing vehicle weight by increasing the 
specific energy (Wh kg-1) stored in the vehicle. However, with Li-ion batteries, substantially 
increasing the specific energy likely requires metallic lithium anodes, increased cell voltages or 
reduced safety components, all of which may involve an unacceptable trade-off for safety.[53–55] 
Solid-state Li-ion batteries are one of the most promising pathways for safely incorporating lithium 
metal and higher voltage materials; however, reported cells to date have either unacceptably low 
areal capacities (less than 1 mAh cm-2, which would translate to lower specific energy than state-
of-the-art Li-ion batteries[56]) or unacceptably low cycle life (20 cycles or less).[57] Even a highly 
optimized Li-ion cell with a lithium metal anode may not practically surpass 350 Wh L-1cell.
[56] 
Consequently, alternative battery chemistries and energy storage technologies with higher specific 
energy, lower cost and improved safety are needed to enable electrification of the long-range 
transportation market.  
2.2.2 Low-Cost Transport 
 The cost of EVs, as opposed to their range, is likely the primary concern for a large, 
increasing percentage of future vehicle owners. Figure 2.3 displays results of a discrete choice 
model fitted to vehicle registration data (for both EVs and conventional vehicles) from a selection 
of countries.[58] U.S. consumers were willing to pay an additional 21 US$ per one additional 





and Indonesia) were only willing to pay an average of 8.4 US$ km-1. Figure 2.3 also displays the 
negative logit coefficient for vehicle price fitted to each country, which measures the degree to 
which a price increase reduces the probability a consumer will purchase a vehicle.[58,59] The 
negative coefficient for emerging countries was, on average, significantly higher than that of the 
U.S. China was the one exception, with a negative value indicating that a higher price surprisingly 
increased the probability of a vehicle purchase. Nevertheless, high Chinese sales figures for 
cheaper and smaller low speed EVs, two-wheelers and three-wheelers versus those for 
conventional EVs (over 200 million vs. 0.6 million in total as of 2016[47]) indicate the high market 
desire for low-cost transportation in China alongside India, Brazil and Indonesia. 
 EVs available in emerging markets such as China have a similar price premium to the 
developed countries.[60] The low-cost transportation market, which is expected to grow quickly as 
emerging countries continue to industrialize, is thus underserved by current Li-ion powered EVs. 
If the battery energy of the compact and subcompact cars in Figure 2.2 are plotted against vehicle 
ranges, a slope of 0.19 kWh km-1 (representing energy consumption per additional kilometre of 
range) is obtained. The average willingness to pay for emerging countries (8.4 $ km-1) is divided 
by 0.19 kWh km-1 to obtain an energy storage cost target of approximately 45 US$ kWh-1.  
Development of an electrochemical storage technology costing below 45 US$ kWh-1 is therefore 
a worthwhile goal for enabling electrified transportation in emerging markets. Alternatively, 
technologies with a higher specific energy and similar cost to Li-ion batteries can also help this 






Figure 2.3. Consumer vehicle purchasing habits in the United States versus emerging countries. 
Willingness to pay for additional range and the negative of the logit coefficient for vehicle price 
are compared for consumers in the U.S. and selected emerging countries.[58] Readers are referred 
to ref. 24 for the calculation methods.  A higher magnitude for the negative logit coefficient 
indicates that an increased vehicle price causes a greater reduction of the probability a consumer 
will purchase the vehicle. Note that the average willingness to pay for emerging countries is not 
the mean of the given willingness to pay values; this was calculated from the mean logit 
coefficients for vehicle price and vehicle range for each emerging country. 
 
2.2.3 High-Utilization Transport 
 Vehicles which experience higher utilization – i.e., the percentage of time they are in 
operation – than consumer vehicles are a significant contributor to climate change and poor air 
quality. For instance, road freight vehicles accounted for approximately one-third of carbon 
dioxide emissions from the global transportation industry in 2015, and this share is increasing in 





challenges of transitioning to high-utilization EVs for public transportation and goods 
transportation is a crucial topic to address.   
 High utilization has important implications for the requirements of the energy storage 
technology used in EVs. Firstly, the capability for fast charging (e.g. less than one hour) becomes 
a more important consideration, since the time required to charge the vehicle should not disrupt 
the operating schedule of the vehicle. Li-ion batteries are capable of fast charging, and electric 
busses designed for quick partial recharging at bus stops have been deployed in several 
countries;[62] however, this can cause enhanced cell degradation and safety issues.[63–65] 
Simultaneous fast-charging of several EVs can also put excessive stress on the components of 
power grids, thus necessitating expensive upgrades.[66,67] Therefore, an important aspect to 
consider for high-utilization EVs is their ability to quickly recharge while smoothly integrating 
with power grids.  
Another key characteristic of many high-utilization vehicles such as trucks, busses and 
trains is their larger weights relative to personal transport vehicles. Li-ion battery packs must be 
proportionally scaled to larger sizes for these vehicles to travel an equivalent distance. However, 
the lower surface-to-volume ratios of larger battery packs means that heat dissipation is slower, 
often resulting in increased degradation and safety concerns and the need for complex cooling 
techniques with expensive or toxic chemicals.[63] Therefore, energy storage and conversion 
technologies which have higher specific energies and safer characteristics (e.g. non-flammable 






2.3 Evaluation of Electrochemical Technology Candidates 
 The previous section specified that increased specific energy or lower energy storage cost 
(in comparison to Li-ion batteries) is essential for EVs with longer driving ranges and lower cost, 
while fast-charging, power grid compatibility and safe operation are crucial for high-utilization 
EVs. Of course, Li-ion batteries possess several other characteristics which other electrochemical 
technologies need to compete with. Characteristics of the technologies regarded as candidates for 
new EVs, in addition to those of Li-ion batteries, are compared in Figure 2.4. Qualitative safety 
ratings were determined by the type of electrolyte (flammable or non-flammable), potential for 
over-heating, and potential for toxic or corrosive material release. Fast-charging capability for each 
battery was rated semi-quantitatively from its specific power, while each battery’s power grid 
compatibility was rated semi-quantitatively from its energy efficiency. Hydrogen fuel cells have 
the highest fast-charging and power grid compatibility due to the ability to quickly transfer 







Figure 2.4. Characteristics of rechargeable batteries and hydrogen fuel cells. The upper bounds 
of the specific energy, energy density and specific power ranges represent estimates of what can 
be practically achieved (refer to references in Supplementary Table 2 for details), while the 
lower bounds indicate what has already been achieved (vice versa for energy storage cost). Cycle 
life, calendar life, energy efficiency, self-discharge and operating temperature ranges represent 
upper and lower values observed in commercial or prototype cells. Energy storage cost refers to 
the cost of the battery pack or system, while specific energy, energy density and specific power 





while specific energy, energy density and specific power refer to cell-level values. Literature 
information was not sufficient to confidently specify upper and lower bounds/values for the 
specific power, energy efficiency and self-discharge rate of Li-air batteries. For hydrogen fuel 
cells, energy-related characteristics apply only to hydrogen within a typical hydrogen storage 
tank (i.e. not including the fuel cell) and specific power applies only to the fuel cell (i.e. not 
including hydrogen storage). Cycle life and self-discharge rates are not applicable to hydrogen 
fuel cells, and thus are not included. Safety, fast-charging compatibility and power grid 
compatibility are qualitative ratings between 0 (worst) and 10 (best). Separate safety ratings are 
assigned to the solid-state versions of lithium-based batteries due to the replacement of 
flammable, liquid electrolytes with solid, non-flammable electrolytes. Numeric values and 
references for each characteristic are provided in Supplementary Table 2. 
 
Note that the energy characteristics of hydrogen storage in Figure 2.4 (specific energy, 
energy density and energy storage cost) should not be directly compared to those of the various 
battery chemistries without accounting for the mass, volume and cost of a coupled fuel cell system. 
Unlike batteries, the total energy of a hydrogen fuel cell combination (i.e. amount of stored 
hydrogen) can be increased separately from the total power of the fuel cell. Due to this fundamental 
difference, hydrogen fuel cells are not included in the analysis below; they are evaluated relative 
to Li-ion batteries in a separate section. 
 Certain metrics for the batteries in Figure 2.4, namely specific energy, energy density and 
energy storage cost, can be evaluated more practically by using them in approximating calculations 
of vehicle range (RV), total vehicle cost (CV,T) and battery pack volume (VolB). Each of these are 
a function of the battery pack energy (EB), and can be calculated from Equation 2.1,
[68] Equation 
















 (Equation 2.3) 
where ECEV (Wh km
-1 kg-1) is the energy consumption efficiency of the vehicle, WV and CV are 
the vehicle weight and vehicle cost not including the battery pack, CB is the battery pack cost, SEBC 
and EDBC are the specific energy and energy density of the battery cell, and kW,B and kVol,B are 
factors for the battery pack weight and volume overheads, respectively. The overhead factors 
assigned to each battery (Supplementary Table 2) reflect the level of safety equipment or air 
management equipment (for metal-air batteries) needed to operate each battery.  
Results for a mini vehicle (common in markets which demand low-cost vehicles), a midsize 
vehicle (common in markets demanding long-range vehicles) and a semi-trailer truck (representing 
the high-utilization market) are exhibited in Figure 2.5a,b, Figure 2.5c,d and Figure 2.5e,f 
respectively. Vehicle cost as a function of driving range is plotted in Figure 2.5a,c,e until the 
battery volume exceeds an assigned space limit within each vehicle. Here, the low energy densities 
of lead-acid (Pb-acid) and nickel-metal hydride (Ni-MH) batteries are clearly recognized as a large 
drawback. The potential for lithium-sulfur (Li-S), lithium-air (Li-air) and zinc-air (Zn-air) batteries 
to enable long-range EVs at a significantly lower cost than Li-ion batteries is also apparent. The 
cost of adding additional range (US$ km-1), which may be compared to investigations of 
consumers’ willingness to pay for additional range,[50,58] is plotted against vehicle range in Figure 
2.5b,d,f. Figure 2.5b shows that Li-S, Li-air and Zn-air batteries can bring the cost of additional 
range of a mini vehicle substantially closer to the average willingness to pay value for emerging 






Figure 2.5. Vehicle cost and cost of additional range as a function of driving range. Curves are 
plotted for (a,b) mini vehicle (CV = 10,000 US$, WV = 650 kg, ECEV = 0.0985 Wh km
-1 kg-1 
(Supplementary Table 1)), (c,d) midsize vehicle (CV = 25,000 US$, WV = 1500 kg, ECEV = 
0.0777 Wh km-1 kg-1 (Supplementary Table 1)) and (e,f) semi-trailer truck (CV = 100,000 US$, 
WV = 24,000 kg, ECEV = 0.0445 Wh km
-1 kg-1 [69]). Curves in a,c,e are calculated with 
Equations 2.1 and 2.2, and are plotted until the battery volume (Equation 2.3) exceeds a chosen 
maximum. Curves in b,d,f are plotted by calculating the respective tangents of curves from a,c,e. 
Midpoint values of the specific energy, energy density, energy storage cost and battery system 





Figure 2.6 displays the approximate span of vehicle cost and range combinations which 
could be achieved for a midsize vehicle using the upper and lower bounds of the energy and cost 
characteristics of each battery in Figure 2.4. It can be seen here that Zn-air batteries have the 
potential to enable the longest range EV, while Li-S batteries could enable the lowest cost EV. 
However, this evaluation does not dictate whether each battery has sufficient power, 
cycle/calendar life, efficiency, and self-discharge rate to function reliably in an EV. Therefore, 
Figures 5 and 6 only demonstrate the basic potential of each battery chemistry to lower costs and 
increase driving ranges. Details regarding the practicality of implementing these technologies in 








Figure 2.6. Sensitivity plots of midsize vehicle cost and range. Curves show sensitivity to 
minimum specific energy, minimum energy density, maximum cost and maximum system 
overheads (defined as the worst-case characteristics) and maximum specific energy, maximum 
energy density, minimum cost and minimum system overheads (defined as the best-case 
characteristics) for each battery. The area between the two curves shows the span of possible 







2.3.1 Commercial Rechargeable Batteries 
2.3.1.1 Lead-acid Batteries 
Pb-acid batteries are currently the lowest-cost and most-used rechargeable batteries in the 
world.[43,70] However, due to their low specific energy and energy density, they are only more cost-
effective than Li-ion batteries for low-range EVs (Figure 2.5). Also, their larger volume and lower 
cycle life, specific power and energy efficiency tends to make them less preferred than Li-ion 
batteries in newer low-cost and low-speed bikes and vehicles.[71] Nevertheless, Pb-acid batteries 
have some advantages that make them attractive for assistive roles in vehicle electrification. 
Besides their low cost, these include low-temperature operation (as low as -40 °C[72]), better 
charging safety[73] and potentially very low self-discharge rates.[74]  
Most work on Pb-acid batteries is thus now aimed at making them capable of regenerative 
brake charging and motor assist in hybrid vehicles.[75,76] This requires batteries which can survive 
up to hundreds of thousands of high-power “micro-cycles” at partial states of charge.[77] A major 
problem when subjecting conventional Pb-acid batteries to high discharge rates is irreversible 
growth of large, insulating lead sulphate crystals on the negative electrode, which subsequently 
harms its ability to accept fast recharges.[76] Various carbon additives were discovered to mitigate 
this problem by improving conductivity, promoting smaller sulphate crystal growth, and 
introducing capacitive behaviour to buffer high charge and discharge rates.[75,78] These “Pb-
carbon” batteries have shown promise in low-cost hybrid EV concepts,[79] and with further power 





2.3.1.2 Nickel-Metal Hydride Batteries 
The Ni-MH battery, commercially introduced in 1989, is the most common nickel-based 
battery and offers significantly better performance than Pb-acid batteries across most metrics.[80] 
They were the default battery choice for hybrid EVs until very recently, and therefore the 
technology is already well-optimized for regenerative brake charging and full-electric traction.[77] 
However, the higher cost of nickel and hydride storage metals also makes them more expensive 
than Pb-acid batteries; in fact, they are now more expensive than Li-ion batteries following the 
latter’s rapid cost reduction.[43]  
Since Li-ion batteries have higher specific energy, energy density and cycle life, while Pb-
acid batteries are cheaper, Ni-MH batteries do not appear to provide any distinct advantages for 
emerging EV markets. However, the aqueous electrolyte and lower reactivity metals used in Ni-
MH batteries makes them inherently safer to operate, while their better low temperature 
performance could make them useful for vehicle start-up in cold climates.[80] Their safer operation 
also allows them to be placed in more impact-exposed areas of a vehicle, such as the front end, 
which would be too dangerous for lithium-based batteries. Substitution of structural components 
and energy absorption materials with Ni-MH batteries has been advocated as a creative method to 
reduce vehicle weight, thus offering the potential for longer range EVs.[68] 
2.3.2 Emerging Rechargeable Batteries 
2.3.2.1 Lithium-sulfur Batteries 
Li-S batteries have received elevated attention owing to the 4.5 times higher theoretical 





cathodes.[81] Unfortunately, sulfur cathodes have several challenging characteristics such as high 
volume change upon cycling, low conductivity of the sulfur and lithium sulfide phases, and 
relatively high solubility of sulfur species in common lithium battery electrolytes.[81,82] These 
issues lead to low cycle life and high self-discharge rates, which are both problematic for EV 
energy storage technologies. Li-S batteries must also incorporate a lithium metal anode to provide 
an appreciable specific energy advantage over Li-ion batteries.[56] Lithium metal anodes have 
several challenges including poor cycle life and fast-charging ability (due to lithium dendrite 
formation and irreversible electrolyte consumption), high self-discharge (due to unwanted side 
reactions) and increased safety concerns for both manufacturing and operation.[55,83,84] 
 To address the above difficulties, researchers have reported electrodes incorporating sulfur 
intertwined with porous carbon or conductive polymer “containers”, which inhibit sulfur 
dissolution while accommodating volume expansion, improving conductivity and allowing 
reversible lithium ion migration during charging and discharging.[81,83,85] Regarding the lithium 
metal anode, most strategies to reduce dendrite formation and mitigate side reactions involve 
protecting the anode with a passivation layer, coating, separator or solid-state electrolyte.[84] 
Developments such as these must result in higher cycle life and higher allowable currents without 
sacrificing specific energy and energy density,[86] which has proven difficult as demonstration cells 
in the literature thus far have not achieved more than 500 cycles at practical charge rates and 
specific energies.[85]  
 The maximum practically achievable specific energy (600 Wh kg-1cell) and estimated 





batteries, making them attractive for all three emerging EV markets discussed earlier. However, 
unless their cycle life is substantially improved, Li-S batteries appear to be a poor choice for high-
utilization EVs. A consumer vehicle that is driven long distances occasionally, on the other hand, 
could be practical because the battery would rarely be subjected to full discharge cycles. Very few 
drivers travel long distances (greater than 200 km) necessary to cause deep discharges of 
moderately sized Li-S batteries on a frequent basis;[41] thus, anxiety over battery degradation from 
frequently driving long distances should be much less likely than conventional range anxiety (i.e. 
inability to drive long distances). Therefore, Li-S batteries are a strong candidate to succeed Li-
ion batteries in consumer EVs, since they can lower costs and reduce range anxiety at a relatively 
affordable cost (Figure 2.5). 
2.3.2.2 Lithium-air Batteries 
 Li-air batteries offer a further improvement in specific energy and energy density above Li-
S batteries due to their use of atmospheric oxygen to produce power. However, their demonstrated 
cycle life has thus far been much lower, with a maximum around only 100 cycles.[87,88] Improving 
their cycle life has proven difficult due to several issues such as air electrode clogging from lithium 
discharge products, catalyst degradation from high-voltage charging, lithium metal side-reactions 
from atmospheric moisture and irreversible electrolyte decomposition.[89,90] In addition, while 
reliable estimates of specific power and energy efficiency are not available for Li-air batteries, 
these metrics are likely to be much poorer than the previously discussed batteries due to sluggish 





Moreover, the maximum energy density of Li-air batteries at an automotive system level 
has been projected to be only 384 Wh L-1system after accounting for equipment to protect the battery 
from atmospheric carbon dioxide and moisture.[92] This places a volumetric limit on the ability of 
Li-air batteries to enable substantially longer driving ranges than Li-ion batteries (Figure 2.6). On 
the other hand, their combined low cost and high specific energy are still attractive for long-range 
and low-cost consumer EVs (Figure 2.5). Unlike Li-S batteries, however, Li-air batteries would 
require a complimentary high-power battery for practical operation due to their likely poor specific 
power. 
2.3.2.3 Zinc-air Batteries 
 Zn-air batteries, despite having a lower specific energy relative to Li-air batteries, are more 
likely to be used in future EVs due to their greater laboratory progress thus far (i.e. higher 
demonstrated cycle life and current operability) and higher practically-achievable energy 
density.[93] Rechargeable Zn-air batteries were identified as a promising candidate for vehicle 
electrification in the decades prior to the emergence of Li-ion batteries.[94] Similarly to Li-air 
batteries, their poor specific power and energy efficiency, as well as relatively poor cycle life 
compared to lithium-ion batteries, will likely prevent them from being used as a primary energy 
source for EVs; however, they could be promising when used in a dual-battery configuration. They 
could be combined with high-power Pb-carbon batteries to produce a low-cost EV,[95] although 
they would likely need a higher cycle life to provide a long vehicle lifetime. Alternatively, they 
could be implemented as range-extenders for an EV primarily powered by Li-ion batteries, in order 





unimportant, assuming the driver only occasionally needs to travel long distances.[96] While dual-
battery concepts can significantly increase cost and complexity,[97] the inherent safety of Zn-air 
batteries[25,98] also makes them well-suited for a dual-battery configuration because (similarly to 
Ni-MH batteries) there are fewer constraints in their physical location within a vehicle.  
2.3.3 Hydrogen Fuel Cells 
 Hydrogen is an energy carrier that can be produced from low-carbon sources and stored with 
a high specific energy relative to most batteries (Figure 2.4). Therefore, hydrogen fuel cells have 
been targeted for their potential to contribute to decarbonization in the transportation sector.[99,100] 
The first mass-produced fuel cell electric vehicles (FCEVs), which use polymer electrolyte 
membrane (PEM) fuel cells, were introduced in 2013-2014 by Hyundai, Toyota and Daimler. The 
advantages of these vehicles relative to current battery electric vehicles (BEVs) include higher 
driving ranges (over 500 km) and faster refuelling (3-5 minutes to re-fill the hydrogen storage 
tank). However, cumulative FCEV deployments represent a small fraction of total EV sales 
through 2016 (less than 10,000[101,102] or 0.5%), and they must overcome several challenges to 
achieve significant market uptake. 
FCEVs have higher purchase prices than conventional vehicles, and similarly to BEVs, this 
is attributed to their electrochemical power supply. The hydrogen storage tank and fuel cell system 
are the most expensive components due to the inclusion of expensive materials and equipment 
such as platinum, carbon fibre, humidifiers and heat exchangers.[103–105] The cost of nearly all these 
components will significantly decline with increased manufacturing volumes, with the main 





total PGM content to ICEVs, FCEVs must reduce PGM loadings to approximately one quarter of 
their current state-of-the-art levels.[106] This highlights the importance of research efforts to 
develop catalysts with reduced levels of PGMs and improved efficiency and durability.[107–109]  
 Cost comparisons for BEV and FCEV versions of an electric midsize vehicle and an electric 
semi-trailer truck are displayed in Figure 2.7a and Figure 2.7b, respectively. The range and cost 
of the conventional FCEV and the total volume of its energy storage and conversion system were 
approximated by adapting Equations 2.1-2.3, with the hydrogen consumption efficiency replacing 
the energy consumption efficiency and the extra mass, volume and cost of the hydrogen tank and 
fuel cell system accounted for. The resulting equations for FCEV range, total vehicle cost and the 
total volume of its battery pack, fuel cell system and hydrogen tank (the former necessary for 







 (Equation 2.4) 




+ 𝑉𝐹𝐶 + 𝑉𝐻𝑇  (Equation 2.6) 
where MH2 is the mass of stored hydrogen, HCEV (kgH2 km
-1 kg-1) is the hydrogen consumption 
efficiency of the vehicle, SEH2 is the specific energy of hydrogen, MFC, PFC, CFC and VFC are the 
mass, power, cost and volume of the fuel cell system and MHT, CHT and VHT are the mass, cost and 
volume of the hydrogen tank, respectively (refer to Supplementary Table 3 for details). FCEV 
costs are less sensitive to increased driving range because increasing the range only requires 





expensive than Li-ion battery packs on a per-kWh basis. However, the high present cost of fuel 
cell systems makes current conventional FCEVs more expensive than BEVs for consumer vehicles 
(Figure 2.7a). Previous estimates projected the equal-cost crossing point for consumer FCEVs and 
BEVs to occur at lower driving ranges;[56,110] however, the steep decline of Li-ion battery costs in 
recent years and their even lower long-term projected costs have significantly increased the equal-
cost point. Semi-trailer trucks, on the other hand, appear to be well suited to electrification by a 
fuel cell system rather than Li-ion batteries at most practical driving ranges (Figure 2.7b). This is 
particularly true when considering that the additional weight of the battery system (required to 









Figure 2.7. Vehicle cost as a function of driving range for Li-ion battery and hydrogen fuel cell 
EVs. Curves for BEVs and FCEVs plotted for (a) midsize vehicle and (b) semi-trailer truck. 
Curves are calculated from Equations 2.4-2.7 using the variables in Supplementary Table 3. 
Note that the differences between 2017 and 2040 only account for projected price reductions, 
and do not account for specific energy improvements of Li-ion batteries nor specific power and 
efficiency improvements of hydrogen fuel cells. Minimum values of specific energy and energy 
density and maximum values for energy storage cost and overhead factors (Supplementary 
Table 2) were used for the Li-ion batteries in each vehicle. The ‘×’ on each curve indicates the 
point at which the total volume of the battery pack, hydrogen tank and fuel cell system surpasses 
300 L (midsize vehicle) or 2,500 L (semi-trailer truck). 
 
Some new FCEVs incorporate a larger Li-ion battery that provides (i) pure battery-powered 
propulsion for short-range trips and (ii) greater power-assisting to the fuel cell, which allows for a 
smaller fuel cell system.[111] The range of these plug-in hybrid FCEVs may be approximated with 


















 (Equation 2.7) 
Plotting Equation 2.7 as a function of stored hydrogen mass (other parameter assumptions in 
Supplementary Table 3) results in lower vehicle costs and significantly longer achievable ranges 
due to the smaller size of the fuel cell system (Figure 2.7a). Using long-term projected costs and 
800 km of range, a midsize plug-in hybrid FCEV could be 5,000 US$ less expensive than a midsize 
Li-ion BEV and 6,000 US$ more expensive than an average midsize ICEV, making them more 
attractive to a sizeable portion of U.S. consumers (Figure 2.2). Hybrid FCEV trucks enabling 
ranges of nearly 2,000 km are also in development.[112] 
A more significant barrier to FCEV adoption is the current lack of infrastructure for 
hydrogen transportation and distribution.[100,113] The capital cost of a hydrogen refilling station 
(including hydrogen delivery or on-site production) can range from 1 to 10 million US$,[114,115] 
which is significantly larger than that for an EV fast-charging station (less than 0.2 million 
US$[116]). Therefore, in the near-term, FCEVs and hydrogen infrastructure development are best 
suited to the high-utilization commercial vehicle sector, where a small number of strategically 
located hydrogen stations could service pre-planned high-utilization driving routes to justify their 
high investment cost.[100] However, at large scales it may actually be more expensive to upgrade 






Another consideration for significant FCEV adoption is their energy efficiency relative to 
batteries. The entire “green mobile hydrogen cycle”, which includes storing energy as hydrogen 
gas via electrolysis of water, compression (and transportation if necessary) of the hydrogen gas, 
and conversion of hydrogen back to power in a FCEV is typically around 25-30% efficient 
(without heat recovery and utilization).[100,117] Industrial hydrogen is presently available with 
higher efficiency, albeit with higher carbon emissions.[118] For comparison, the total efficiency for 
charging and driving a BEV is around 80-85%,[119] meaning a FCEV could require about 2.5-3.5 
times more energy from the power grid to drive the same distance. However, the full cost 
comparison between FCEV and BEV operation must include (i) the cost of upgrading the current 
power grid versus building a hydrogen infrastructure and (ii) how excess energy, required to meet 
peak demand, will be stored during times of low electricity demand. One such study of the United 
Kingdom indicated that an “electrification” strategy relying only on electricity for powering end-
use technologies (such as BEVs) would be ~ 3 times more expensive than a “full contribution” 
model in which hydrogen is the primary energy carrier for end-use technologies.[120] It should also 
be noted that alkaline electrolysis combined with hydrogen storage has the lowest capital costs of 
any other commercialized utility-scale technology, on a per-kWh basis.[43] 
Finally, the durability of PEM fuel cells is an important factor to be considered for their 
potential success.[121,122] Particularly for the high-utilization market, a significant challenge for 
PEM fuel cells is to demonstrate high enough durability to achieve a similar lifetime to incumbent 
ICEVs. Encouragingly, two PEM fuel cell-powered buses (one of which utilizes Ballard’s 





equivalent to 4 to 6 years and meets the U.S. Department of Energy and Federal Transit 
Administration targeted lifetime for a fuel cell powertrain.[125] Consumer FCEVs are also near their 
target of 5,000 hours of operation,[126] while plugin-hybrid FCEVs can provide greater reliability 
due to optimized power shifting between the fuel cell and a larger battery.[111]  
 
2.4 Conclusions 
 Batteries and fuel cells with improved specific energy, energy density, cost, safety and grid 
compatibility are necessary to electrify the long-range, low-cost and high-utilization transportation 
sectors. While no technology is suitable for every application, each one discussed in this Review 
can help to enable at least one of the emerging EV markets (Figure 2.8). High-power Pb-acid (Pb-
carbon) batteries can supplant a low-power, high-specific energy battery within a low-cost EV, 
while Ni-MH batteries could improve the range of lithium battery-powered EVs by simultaneously 
acting as structural or energy adsorption components. Li-S batteries could completely replace Li-
ion batteries to enhance the long-range and low-cost EV markets, while Zn-air and Li-air batteries 
could serve as range-extenders to succeed in these sectors as well. Finally, fast-refuelling and grid-
compatible hydrogen fuel cells are a natural fit for high-utilization transportation, while the high 
specific energy and energy density of hydrogen also makes them attractive for long-range 
consumer EVs. Li-ion batteries possess the best combination of properties for certain electric 
mobility applications; however, targeted adoption of a diverse mix of battery and fuel cell-powered 







Figure 2.8. Suitability of alternative batteries and fuel cells to emerging EV markets. Pb-acid 
(Pb-carbon) batteries can provide supplementary power for low-cost EVs due to their low cost 
and high specific power, but they must be paired with a complementary high-energy battery due 
to their low specific energy and energy density. Ni-MH batteries, although having a higher cost 
and lower specific energy and energy density than lithium-based batteries, may be implemented 
in place of structural or energy adsorption components in long-range EVs due to their safer 
internal chemistry. Li-S batteries can offer higher specific energy and lower cost than Li-ion 
batteries, and are therefore attractive to both the long-range and low-cost transportation markets. 
Li-air and Zn-air batteries have similarly attractive characteristics for both of these markets, but 
their relatively low cycle life, calendar life and specific power make them better suited as range-
extenders to be paired with a more durable and higher-power battery. Hydrogen fuel cells are a 
fundamentally different technology with decoupled energy and power characteristics, which can 
make them more cost-effective than pure battery-powered vehicles in long-range applications. 
Additionally, the flexibility of hydrogen production powered by intermittent renewable energy, 
low cost of hydrogen storage and quick fuelling of hydrogen into FCEVs make them attractive to 






Chapter 3:  Challenges and Strategies for Designing Energy-
Dense Rechargeable Zinc-air Battery Electrodes 
 
3.1 Introduction 
In Chapter 1 and Chapter 2, the many advantages of zinc-air batteries (low projected cost, 
high specific energy and energy density, and inherently safe operation) were discussed particularly 
regarding their potential application as EV range-extenders. The success of this application mainly 
depends on making rechargeable Zn-air batteries more durable. Improving the cycling stability of 
bifunctional oxygen catalysts and zinc electrodes, while maintaining high specific energy and 
energy density, will be necessary to achieve greater cycle life.[127,128] Reducing or eliminating 
carbon in the air electrode[129] can also improve the calendar life of Zn-air batteries, since carbon-
based air electrodes are subjected to corrosion by the alkaline electrolyte,[130] even when the battery 
is at rest. However, the only commercial rechargeable zinc-air battery systems to have overcome 
many of these issues require a circulating electrolyte, electrolyte filtering or three or four-electrode 
designs to maintain long-term performance,[131–135] which increases complexity and limits the 
system-level energy density. Zinc-air batteries with a compact cell design and static electrolyte, 
on the other hand, could meet the energy storage needs for electric vehicles. This chapter therefore 
provides a review of specific challenges and strategies in designing electrodes for such energy-






3.2 Zinc-Air Battery Operation and Configuration 
The major components and operating mechanism of a Zn-air battery are displayed in Figure 
3.1. A negative Zn electrode is coupled to a positive air electrode through an external circuit, while 
an electrochemical pathway between the two electrodes is provided by an ionically conductive 
electrolyte (typically an aqueous alkaline solution). When the battery is discharged, the Zn 
electrode is oxidized according to the forward reactions in Equations 3.1-3.3, providing a flow of 
electrons to the external circuit in the process. After travelling across the load in the external 
circuit, the electrons are consumed at the air electrode by the O2 reduction reaction (ORR, forward 
reaction of Equation 3.4), with O2 supplied by the outside ambient atmosphere. Charge balance 
within the electrolyte is maintained by the diffusion of hydroxide (OH-) ions produced at the air 
electrode (Equation 3.4) and consumed at the Zn electrode (Equation 3.3). The overall chemical 
reaction, as provided in Equation 3.5, results in a nominal cell voltage of 1.66 V. When a 
rechargeable Zn-air battery is charged by an external power source, the flow of electrons is 
reversed and the reactions as written in Equations 3.1-3.5 occur in the reverse direction, releasing 
O2 back into the outside atmosphere. An ionically permeable separator is placed between the two 







Figure 3.1. Schematic operating mechanism of a rechargeable Zn-air battery. Red arrows and 
blue arrows represent the direction of movement during discharging and charging, respectively. 
 
Zn electrode reactions: 
Zn + 4OH−  
 
⇔  Zn(OH)4








⇔  ZnO + H2O + 2e
−, E° = −1.26 V  vs. SHE (Equation 3.3) 
Air electrode reaction: 
O2 +  2H2O +  4e
−  
 
⇔  4OH−, E° =  0.40 V vs. SHE (Equation 3.4) 
Overall cell reaction: 
2Zn + 𝑂2  
 






Most Zn-air batteries are designed with a planar arrangement; this configuration is 
presumably favoured over a spiral-wound design, which would lower the amount of direct contact 
with outside air needed to provide oxygen to the air electrode, although the latter design has 
received some consideration.[136] In small primary button cells employed for hearing aids, the Zn 
electrode compartment is composed of atomized Zn powder intermixed with a gelled KOH 
electrolyte. This compartment is separated from the air electrode by an electrically isolating and 
ionically conducting separator layer. In order to maximize the energy density, the button cell’s 
casing and cap also act as the current collectors.[137] Larger and multi-cell primary Zn-air batteries 
(historically used for railroad signaling, underwater navigation and electric fencing) employ a 
prismatic configuration,[95] as shown in Figure 3.2. Besides the shape, this configuration differs 
from the button cell by including conductive current collectors within a plastic casing, in addition 
to external tabs from the positive and negative electrodes. The prismatic design is also the most 
common configuration used in electrically rechargeable Zn-air battery research, where many 
research groups use a combination of plastic plates and gaskets fastened together with bolts and 







Figure 3.2. Schematic representation of prismatic Zn-air battery configuration. 
 
Several Zn-air cells can be stacked in series in order to raise the battery voltage to a required 
level for its application. The cells can be stacked using two possible arrangements, referred to as 
monopolar and bipolar.[142] In the monopolar arrangement (Figure 3.3a), the Zn electrode is 
sandwiched in between two externally connected air electrodes and this basic unit is repeated over 
multiple cells. To connect the cells in series, external connections are made between the Zn 
electrode of one cell to the air electrode of the adjacent cell. In the bipolar arrangement (Figure 
3.3b), each Zn electrode is paired with a single air electrode on only one of its sides. A series 
connection is made between the air electrode and the Zn electrode of an adjacent cell through an 
electrically conductive bipolar plate with air flow channels rather than through an external 
connection.  
A large advantage of the bipolar arrangement is that cells can be packaged more efficiently 
due to the absence of external wiring. In addition, current distribution is more evenly distributed 





uses external connections to collect current from the electrode edges. However, it is known that 
edge current collection can generally be employed without significant current distribution effects 
in alkaline fuel cells (AFCs) with electrode areas less than 400 cm2.[143] Therefore, this advantage 
for the bipolar arrangement is likely to be minimal in Zn-air batteries, which typically operate at 
lower current densities than fuel cells. A disadvantage of the bipolar arrangement is that the air 
electrode must be electrically conductive across its entire thickness. This means that the air-facing 
side of the air electrode cannot be composed of a pure polytetrafluoroethylene (PTFE) layer, which 
is often preferred in order to maximize hydrophobicity and minimize flooding or leakage of the 
liquid electrolyte from the cell. The bipolar arrangement also requires that a certain pressure be 
maintained in order to provide sufficient interfacial contact between the electrodes and bipolar 
plates.[143] 
 
Figure 3.3. Multi-cell Zn-air battery configuration with (a) molopolar arrangement and (b) 





3.3 Reversible Zinc Electrode  
 Given that the Zn-air battery is supplied with an unlimited source of O2, the Zn electrode is 
solely responsible for the battery’s capacity. A successful Zn electrode should have a high 
proportion of utilizable active material, be capable of high efficiency recharging and sustain its 
capacity over long time periods and several hundred charge and discharge cycles. The following 
two sub-sections detail the scientific phenomena that constrain the achievement of these goals and 
the strategies that battery developers have used to battle and overcome these constraints.  
3.3.1 Performance-Limiting Phenomena 
The performance of the Zn electrode is limited by four major phenomena that occur during 
operation in a Zn-air battery: (i) dendrite growth (Figure 3.4a), (ii) shape change (Figure 3.4b), 
(iii) passivation and internal resistance (Figure 3.4c) and (iv) hydrogen evolution (Figure 3.4d). 
 
 
Figure 3.4. Schematic representation of performance-limiting phenomena that may occur on the 
Zn electrode: (a) dendrite growth, (b) shape change, (c) passivation, (d) hydrogen evolution. Red 





Zn dendrites, which are defined as sharp, needle-like metallic protrusions, are well-known 
to form under certain conditions during electrodeposition.[144–147] In secondary alkaline Zn-based 
batteries, Zn dendrites may form during the charging process and can fracture and disconnect from 
the electrode (resulting in capacity losses), or more critically, can puncture the separator and make 
contact with the positive electrode (resulting in a short circuit). Dendritic morphologies arise as a 
result of concentration-controlled Zn electrodeposition, whereby a positively-sloped concentration 
gradient of Zn(OH)4
2- ions is established as a function of distance from the Zn electrode surface. 
Under this condition, Zn(OH)4
2- ions are deposited preferentially at raised surface heterogeneities 
such as screw dislocations which are higher up the concentration gradient.[144] Upon continued 
deposition, these deposits grow past the boundary of diffusion-limited region, giving rise to 
dendrites rapidly growing under nearly pure activation control.[148] Therefore, dendritic growth is 
more likely to occur at higher deposition overpotentials where diffusion-limited conditions are 
more prevalent. 
Shape change is observed in Zn-air and other alkaline-Zn batteries when Zn is dissolved in 
the electrolyte during the discharge reaction and then deposits at a different location on the Zn 
electrode during charging. Over many charge-discharge cycles, this leads to densification of the 
electrode and a loss of usable capacity.[149–151] In general, modelling and mechanistic investigations 
have attributed shape change to uneven current distribution within the Zn electrode, uneven 
reaction zones and convective flows caused by electro-osmotic forces across the 
battery.[138,149,150,152–157] Many investigators use a KOH electrolyte that is pre-saturated with 
Zn(OH)4





change by inducing the formation of a solid ZnO discharge product at the Zn electrode at an earlier 
point during discharge. However, the precipitation of ZnO from anodically-discharged Zn(OH)4
2- 
can occur slowly even in Zn(OH)4
2--saturated KOH solutions.[166,167] 
Passivation is the term used to describe an electrode that cannot be further discharged due to 
the formation of an insulating film on its surface that blocks migration of the discharge product 
and/or OH- ions. When a Zn electrode is discharged and the Zn(OH)4
2- discharge product has 
reached its solubility limit, ZnO is precipitated on the electrode surface. In the case of a porous Zn 
electrode, passivation is precluded by the reduction of the pore size due to precipitation of ZnO 
(which takes up more volume than Zn) and finally occurs when freshly discharged Zn(OH)4
2- is 
far above the solubility limit, causing it to immediately precipitate and fully plug the remaining 
pore volume.[155,168] This helps to explain why rechargeable Zn electrodes typically require a 
porosity of 60-75% (in the metallic or charged form),[150,159,169,170] while the theoretical porosity 
required to physically accommodate the volume expansion from Zn to ZnO is only 37%. The non-
conductive property of ZnO also increases the internal resistance of the Zn electrode, which 
naturally leads to voltage losses during discharging and voltage increases during charging. Zn 
utilization, defined as the percentage of the theoretical capacity of the Zn mass that is actually used 
when the electrode is fully discharged, is limited by the point at which the Zn electrode becomes 
completely passivated or its internal resistance becomes too high to maintain a sufficient operating 
voltage. The Zn utilization for conventional powder-based electrodes can range from 60-80%,[169–





The hydrogen evolution reaction (Equation 3.6) has a Standard Reduction Potential (-0.83 
V vs. SHE at pH 14) above that of Zn/ZnO (-1.26 V vs. SHE at pH 14). Therefore, hydrogen 
evolution is thermodynamically favored and a Zn electrode at rest will be corroded over time 
(Equation 3.7, referred to as self-discharge in a battery context, or simply corrosion). This also 
means that a Zn electrode cannot be charged with 100% coulombic efficiency, since the hydrogen 
evolution reaction will consume some of the electrons provided to the Zn electrode during 
charging. The actual rate of hydrogen evolution is defined by its exchange current density and 
Tafel slope on a Zn electrode surface, which has been measured at 8.5 × 10-7 mA cm-2 and 0.124 
V decade-1, respectively in 6 M KOH.[172] Therefore, at the Zn/ZnO standard reduction potential, 
the hydrogen evolution current on a Zn surface is on the order of 1 × 10-5 mA cm-2.[172] However, 
the hydrogen evolution overpotential is significantly reduced on a ZnO surface,[173] which means 




⇔  2OH− + H2 (Equation 3.6) 
Zn + 2H2O →  ZnO + H2 (Equation 3.7) 
3.3.2 Strategies for Improving Performance 
A number of modifications to the Zn electrode have been investigated to increase its 
performance, in terms of cycle life (measured by capacity retention as a function of cycle number), 
capacity (determined by Zn utilization, among other factors) and coulombic efficiency (determined 
by extent of hydrogen evolution). These strategies have been organized into six methods and are 
summarized in Table 3.1. More detailed information on each strategy can be found in the listed 





summarize, structural modification through electrodeposition and advanced casting techniques, as 
well as compositional modification by means of additives and/or chemical doping have been 
demonstrated to be feasible solutions. The most promising additives are those which are effective 
in small quantities, since a larger proportion of additives reduces the overall Zn capacity. Table 
3.2 contains performance metrics, including capacity densities, Zn utilization and the number of 
cycles with over 80% retained capacity, of some Zn electrodes that have employed these strategies. 
The areal capacities are also calculated, which highlights the difficultly in achieving both a high 





Table 3.1. Strategies for improving Zn electrode performance. 
Strategy 
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Table 3.2. Performance metrics of selected Zn electrodes disclosed in the literature. 
a)Includes mass of additives and based on mass of charged (non-oxidized) electrode with the 
exception of 100% Solid ZnO; b)If the necessary information to calculate volumetric capacity 
density was not reported, a range is calculated based on the electrode material densities and a 
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ZnO powder + 4.8 
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powder + 8.3 wt.% 
PTFE + 8.3 wt.% 
graphite, 4.5 M 
KOH + 1.0 M 
NaOH + 0.5 M 
LiOH + Sat’d ZnO 












d)“+” indicates that the electrode provided >80% of its initial capacity when cycling was 
terminated; e)Not reported. 
 
3.4 Electrolyte and Separator 
Aqueous alkaline electrolytes are most commonly employed in Zn-based battery chemistries 
for several reasons, which include cost effectiveness, high ionic conductivity and Zn electrode 
stability.[202–204] Sufficient OH- concentrations within the electrolyte are also necessary to avoid 
high overpotentials for the O2 reactions at the air electrode, and further allow the use of non-
precious metal catalysts.[31,205] KOH-based electrolytes are the most common in comparison to 
NaOH or LiOH electrolytes, due to the former’s superior ionic conductivity.[12,206] Unfortunately, 
issues that arise with using aqueous alkaline electrolytes within a Zn-air battery include 
evaporation or moisture uptake (depending on relative humidity conditions) and carbon dioxide 
(CO2) poisoning from the outside atmosphere. Electrolyte evaporation reduces the ionic pathway 
between the battery electrodes, while moisture uptake lowers the alkalinity and can cause swelling 
of the cell.[31,137,207] Diffusion of CO2 into the electrolyte lowers its alkalinity and eventually leads 
to the precipitation of solid carbonates (e.g. potassium carbonate (K2CO3)) which clog the pores 
of the air electrode.[31,142,207] 
Room temperature ionic liquids (RTILs) have received increased attention in recent years as 
an alternative to aqueous-based electrolytes for rechargeable Zn-air batteries. RTILs are molten 
salts with melting temperatures at or below room temperature, and are stable at a wide range of 
electrochemical potentials.[204] They have the advantage of being largely immune to both CO2 





electrode.[209] However, most RTILs that have been considered for Zn-air batteries have ionic 
conductivities approximately 10-100 times lower than concentrated KOH solutions.[208] In 
addition, the ORR mechanism in RTILs typically involves several electron transfer steps,[210] 
unlike ORR in alkaline media which is typically close to the 4-electron mechanism (Equation 3.4) 
with the appropriate catalyst. Both of these factors lead to large cell voltage decreases with 
increasing currents,[208] which does not make them well suited for high-power applications such as 
EVs. 
Aqueous electrolytes are often “gelled” by mixing in polymers such as polyvinyl alcohol, 
poly(acrylic acid) and polyethylene oxide.[207,211,212] Gelled, or “quasi-solid state”, electrolytes are 
used extensively in primary Zn-air batteries in order to prevent leakage and slow down 
evaporation.[95] Successful gelled electrolytes have conductivities on the same order of magnitude 
as conventional aqueous alkaline electrolytes.[204] However, it is generally difficult to recharge Zn 
electrodes in gelled electrolytes due to their low solubility for Zn(OH)4
2-, which leads to difficulties 
in transforming ZnO back to the intermediate Zn(OH)4
2- before reduction to Zn metal.[204] Recent 
work on flexible Zn-air[183] and Ni-Zn[213] batteries has shown that rechargeability is possible using 
gelled electrolytes; however, the Zn electrode thicknesses and currents demonstrated were likely 
too low for an EV application. 
Therefore, it appears that primarily aqueous alkaline electrolytes may be the best choice for 
EV applications, despite the above-mentioned problems of CO2 poisoning and 
evaporation/moisture uptake. Various battery designs have been proposed to alleviate these 





or a CO2 air scrubber
[216,217] into the battery pack. Additionally, mechanical[16] or load-
responsive[218] air electrode seals have been proposed in order to limit ingress of CO2 and ingress 
or egress of water when the cell is not in use.  
 If aqueous alkaline electrolytes are employed in rechargeable Zn-air batteries, the Zn 
electrode shape change issue (Section 3.3.1) will certainly be a concern. It can be observed in 
Figure 3.5 that this problem is exasperated by the properties of the maximum conductivity KOH 
electrolyte (6-7 M or 25-30 wt.% KOH) that is most typically used in alkaline-Zn batteries. Zn 
redox kinetics (indicated by the Zn/Zn2+ exchange current density) are near their maximum at this 
concentration, and the solubility of the ZnO discharge product increases with increasing 
concentration. Therefore, during battery operation a large amount of Zn is expected to be 
dissolving, migrating and re-depositing under non-uniform conditions caused by the reasons 







Figure 3.5. Electrolyte conductivity, Zn/Zn2+ exchange current density and ZnO solubility as a 
function of KOH concentration (data from [202,219,220]) 
 
As shown in Figure 3.5, the solubility of ZnO is reduced at lower KOH concentrations, 
which will reduce the tendency for Zn electrode shape change.[221,222] Therefore, a clever approach 
(borrowed from rechargeable Ni-Zn battery research) to improve the Zn electrode lifetime involves 
lowering the KOH concentration as much as possible without substantially reducing the catalytic 
performance of the air electrode, and then adding other ionic compounds such as KF, K2CO3, 
K3BO3 and K3PO4 to restore the electrolyte conductivity.
[150] With this strategy, the Zn(OH)4
2- 
solubility can be reduced to less than half of its original value (in 7 M KOH) while maintaining 





composed of 3.2–4.5 M KOH, 2 M KF, 2M K2CO3, saturated ZnO and a suspension of 0.5 M LiF 
resulted in optimal performance and cycle life of a Ni-Zn battery (the Li+ additive is beneficial to 
the NiOOH/Ni(OH)2 electrode
[150]). However, CO3
- additives are not appropriate for aqueous 
electrolytes of Zn-air batteries, since this will lead to quicker saturation and precipitation of K2CO3 
in the air electrode pores as CO2 enters from the outside environment. K3BO3 and K3PO4 additives, 
which have also shown promise for Ni-Zn batteries,[166,224] thus seem to be a better choice for Zn-
air batteries and deserve a thorough investigation. 
 In order to prevent short-circuits in rechargeable Zn-air cells, several stringent properties are 
required from the chosen separator. It must be electronically insulating, ionically conductive, 
chemically resistant to the alkaline electrolyte and also electrochemically stable at the wide range 
of charging and discharging voltages experienced in the battery. Microporous polypropylene 
membranes produced by Celgard LLC, such as Celgard 5550, possess these properties and are 
extensively employed in rechargeable Zn-air battery research.[31,225] However, Zn(OH)4
2- ions can 
also pass through the micropores of these separators, potentially leading to precipitation of ZnO 
on the air electrode surface, and subsequent interference of the catalyst sites or blockage of the air 
electrode pores.[226] Thus, anion exchange membranes (which allow hydroxide ion passage while 
blocking Zn(OH)4








3.5 Bifunctional Air Electrode 
 While the Zn electrode is the determining factor of the Zn-air battery’s capacity, its power 
performance and energy efficiency are largely dependent not only on the electrolyte, but also on 
the air electrode. This stems from the fact that the ORR during discharging and the O2 evolution 
reaction (OER, reverse reaction in Equation 3.4) during charging both have much larger energy 
barriers to overcome than the Zn electrode reactions. Energy barriers in a battery result in potential 
(i.e. voltage) losses, which can be separated into activation polarization, ohmic resistance and 
concentration (i.e. mass transfer) polarization. The sum of these losses equates to the difference 
between the battery’s operating voltage and open circuit voltage. The example discharge and 
charge polarization plots in Figure 3.6 show the importance of minimizing voltage losses in the 
zinc air battery, since large polarization can cause substantial losses in energy efficiency and also 
(for discharging) can lower the specific energy or energy density of the zinc-air battery. This 
highlights the importance for the air electrode to be engineered with suitable catalysts to minimize 
activation barriers for the ORR and OER in addition to an appropriate structure enabling efficient 
transport of O2 and OH







Figure 3.6. Example of discharge (black line) and charge (brown line) voltages, power density 
(blue line) and energy efficiency (red line) as a function of current density for a rechargeable 
zinc-air battery. The activation, ohmic and mass transfer-dominated polarizaton regions are 
identified by A, O and M labels, respectively. 
 
3.4.1 Electrode Design 
Designing an appropriate structure for the air electrode is particularly challenging in 
comparison to other battery electrodes due to the requirement for providing sufficient three-phase 
interfacial sites. As seen in Equation 3.4, the ORR requires the gas phase (O2), liquid phase (H2O) 
and solid phase (electron conductor) to all be in close proximity in order to proceed at certain 
reaction site. While the OER only strictly requires a two-phase interface (liquid and solid), the air 
electrode structure must allow efficient removal of O2 gas; otherwise O2 bubbles will appear in the 
electrolyte reduce the size of the solid/liquid interfacial area. Extensive research has been 
conducted on air electrode design for both polymer electrolyte membrane (PEM) and alkaline fuel 





for rechargeable metal-air batteries; in fact, a large amount of research on catalysts for 
rechargeable zinc-air batteries has been conducted using commercial carbon-based air electrode 
supports designed for PEM fuel cells.[141,185,231–234] Given the lack of work on bifunctional air 
electrode structures and designs, it is important to review the literature on fuel cell air electrodes 
(particularly AFCs). 
As shown in Figure 3.7, the air electrode architecture generally consists of three layers.[235] 
The gas diffusion layer (GDL) facilitates the transfer of the air or oxygen reactant to the catalyst 
sites within the active layer, while the active layer (AL) contains the oxygen reaction catalysts and 
interfaces with the electrolyte to provide the three-phase reaction zone. The backing material or 
backing layer provides structural support to the other layers; it may also act as the current collector 
and is not necessarily located behind the GDL as indicated in Figure 3.7.[236] In fuel cell air 
electrodes, the GDL and AL have traditionally been composed of mixtures of PTFE and carbon or 
graphite powders, with the AL additionally containing ORR catalysts. PTFE is chosen for its 
ability to bind the other powder components together and its highly hydrophobic property which 
allows for the establishment of gas phase channels within the electrode.[237] PTFE also exhibits 
relatively good chemical stability in a wide range of environments, including alkaline 
electrolytes.[237,238] Carbon and graphite powders are typically chosen as the conductive component 
of the air electrode due to their low cost, activity for the ORR and their widely tunable surface area 
and porosity.[143,237,239–241] The GDL and AL are most often formed by rolling or pressing a wet 







Figure 3.7. General architecture of fuel cell or metal-air battery air electrode.[235] 
 
For AFCs with a monopolar design (Figure 3.3a), the GDL is typically composed entirely 
of PTFE in order to minimize the potential for flooding. Pores in the PTFE layer are produced by 
mixing PTFE with a low decomposition-temperature additive such as ammonium carbonate, which 
is burned off during a heat-treatment.[235] A current collector, typically a metal mesh or foam, must 
be placed in front of the 100% PTFE GDL layer (e.g. between the GDL and AL) in this case. In a 
bipolar design (Figure 3.3b), the GDL must be hydrophobic and conductive; therefore, the GDL 
is usually fabricated using a mixture of PTFE and a hydrophobic carbon powder such as acetylene 
black, with a PTFE content ranging from 25-60%.[143,235,237] The AL, which must be conductive 
and slightly hydrophilic in order to establish three-phase reaction zones, is typically composed of 
high-surface area carbons and a lower PTFE content ranging from 2-25%.[235]  
The establishment of three-phase reaction zones is highly dependent on the pore structure of 
the AL and is most often explained by the “flooded agglomerate” model described by Giner and 





filling the inter-particle voids (Figure 3.8a), and the agglomerates are held together by a 
hydrophobic network of PTFE particles (Figure 3.8b).[235,242–244] The reactant gas arriving from 
the GDL diffuses through these hydrophobic channels, dissolves into the electrolyte film 
surrounding the agglomerates and further diffuses to the catalyst sites within flooded agglomerate 
pores. The three-phase reaction zone in the AL layer can be enhanced by selecting hydrophobic 
carbon particles with extensive interconnected micropores (Figure 3.8a), which are not flooded 
by the electrolyte and thus provide better dispersion of gas channels to the catalyst sites.[237]    
 
 
Figure 3.8. Schematic representations of pore structures within AL composed of catalyst-coated 
carbon powders and PTFE particles; (a) single flooded agglomerate, (b) group of agglomerates 
held together by a network of PTFE particles.[235] 
 
 Unfortunately, carbon-based GDLs and ALs are not considered to be appropriate for use in 
the air electrodes for rechargeable zinc-air batteries. This is due to the fact that carbon is 
susceptible to corrosion at the high oxidizing potentials experienced at the air electrode during 





to high anodic potentials in an alkaline electrolyte, carbon produces carbon monoxide gas in 
addition to carbonate (CO3
2-) ions;[130] the latter of these can combine with CO2 poisoning from 
the outside atmosphere to hasten the precipitation of K2CO3 in the air electrode pores. The standard 
potential of carbon oxidation in alkaline electrolyte (pH of 14) is -0.78 V vs. SHE (0.48 V vs. 
Zn/ZnO), which is much lower than the ORR/OER equilibrium potential (0.40 V vs. SHE, 1.66 V 
vs. Zn/ZnO).[246,247] Therefore, although graphitization of carbon improves its corrosion 
resistance,[248–253] corrosion is thermodynamically favored even at the open circuit voltage of zinc-
air batteries. Graphitization of carbon powders improves their corrosion resistance,[248,249], and 
bifunctional air electrodes with hundreds of charge-discharge cycles have been demonstrated using 
graphitized carbon-based air electrodes (albeit at modest currents).[250,251,253]. However, the 
formation of CO3
2- ions is likely inevitable even when they are graphitized; this is an increasingly 
severe problem in commercially-relevant cell designs (e.g. Figure 3.2), since the CO3
2- saturation 
point would be quickly reached with a minimum volume of electrolyte. Therefore, it appears that 
metal-based air electrodes that are largely free of carbon components are more suitable for 
rechargeable zinc-air batteries. 
 However, relatively few investigations have focussed on metal-based air electrodes for 
rechargeable metal-air batteries. Silver (Ag)-based air electrodes with increased stability relative 
to carbon-based air electrodes have been demonstrated for AFCs and Li-air batteries;[236,254,255] 
however, the high cost of Ag makes it impractical for inexpensive Zn-air batteries. A promising 
air electrode based on less expensive nickel (Ni) metal was recently demonstrated by Price and 





involved the pressing of a slurry composed of Ni powder and PTFE onto a Ni foam substrate 
followed by dip-coating in a catalyst precursor solution. The resulting bifunctional air electrode 
demonstrated stable potentials after 50 charge-discharge cycles at a relatively high current density 
(50 mA cm-2), which is near the maximum required for a zinc-air battery EV range extender that 
was recently modeled.[257] An 1981 report by Armstrong[258] for Canada’s Department of National 
Defence also documented a nickel-based air electrode produced by dip-coating a 0.71 mm-thick, 
84.7% porous sintered nickel plaque in a catalyst precursor solution, which displayed over 200 
charge-discharge cycles at a relatively high current density (50 mA cm-2)   
3.4.2 Oxygen Reaction Catalysts 
 The development of bifunctional catalysts that can efficiently facilitate the oxygen reduction 
reaction (ORR) and the oxygen evolution reaction (OER) with low overpotentials, while also 
remaining stable over hundreds of charge-discharge cycles in alkaline electrolytes, is currently the 
most intense area of research involving rechargeable zinc-air batteries.[31,128,259,260] Traditionally, 
noble metals such at platinum (Pt) have been employed for their high ORR activities while noble 
metal oxides such as ruthenium(IV) oxide (RuO2) and iridium(IV) oxide (IrO2) are known for their 
high OER activities. However, these catalysts are prohibitively expensive for low-cost zinc-air 
batteries, and further, metal catalysts including Pt are unstable towards oxidation at the high 
potentials that the OER operates at.[260,261] Therefore, most research is currently focussed on 
bifunctional non-noble metal oxides; these are usually oxides with mixed valence states such as 
spinels and perovskites.[31,128,260] Nanostructured carbon materials have also been heavily studied, 





oxides.[31,128,260] However, as mentioned in Section 2.4.1, carbon materials are generally 
detrimental to the lifetime of rechargeable zinc-air batteries due to their instability propensity to 
form poisoning CO3
2- ions.[262] Therefore, carbon-free catalysts are exclusively focused on in the 
brief discussion below. 
 Manganese oxides (MnOx), are well known for their strong ORR activity in addition to being 
inexpensive, and are thus the primary choice for primary zinc-air batteries (particularly as 
MnO2).
[95,137,202] This is due to the ability of Mn to possess and transform between multiple 
valences, allowing it to assist electron transfer by switching between an oxygen acceptor and 
donor.[259] However, when acting as a bifunctional catalyst, MnOx have been found to switch 
between different crystal structures during cycling between ORR and OER operation.[263] This 
suggests that this catalyst may not display sufficient long-term stability in a rechargeable zinc-air 
battery. 
  Mixed-metal perovskite oxides, with the general chemical formula ABO3, have traditionally 
been a popular choice as a bifunctional catalyst for rechargeable zinc-air batteries.[250,262,264,265] In 
the normal perovskite structure, the A sites are relatively large rare earth or alkali metal cations 
while the B sites are relatively small transition metal cations.[262] By substituting the either or both 
of the A and B sites with cations with other valence states, oxygen vacancies can be created and 
the compound’s electronic structure can be widely tuned. Suntivich et al. have developed design 
principles for optimizing the ORR[266] and OER[267] catalytic activity of perovskites based on 





OER activities and stability; however, they have a disadvantage of relatively difficult preparation 
and generally require heat treatment at 600°C or above.[250,264,266,268,269] 
 Spinel oxides, with the general chemical formula AB2O4, are another common choice as 
bifunctional catalysts.[129,256,270–275] The A and B sites are both transition metal cations with +2 and 
+3 valences, respectively, and can either be represented by the one element (e.g. Co3O4) or multiple 
elements (e.g. NiCo2O4). Co3O4 is the most heavily studied spinel oxide bifunctional catalyst, 
which is known to facilitate good activity for ORR on the Co2+ sites and OER activity on the Co3+ 
sites.[275] While a vast number of binary element-spinel oxides have been investigated, NiCo2O4 
has emerged as a widespread bifunctional catalyst due the improved 4-electron reaction ORR 
pathway and lower OER overpotential imposed by the Ni2+ lattice sites.[271,273] Spinel oxides can 
be synthesized relatively easily and at moderate temperatures between 300-480°C.[271] They are 
already used in many industrial applications,[271] and are thus a logical choice for use rechargeable 
zinc-air batteries. Both Price and coworkers[129,256,273] and Armstrong[258] chose NiCo2O4 as the 







Chapter 4:  Performance and Failure Mechanism of Nickel-
Based Air Electrodes for Rechargeable Zinc-Air Batteries 
 
4.1 Introduction 
Due to the kinetically slow oxygen reduction reaction (ORR) and oxygen evolution reaction 
(OER), the power and energy efficiency of a rechargeable zinc-air battery is highly dependent on 
the catalytic performance of the air electrode.[12] Most research has focused on surface and 
structure engineering of bifunctional catalysts to optimize their oxygen binding energies and 
cohesive strength for efficient and stable ORR and OER.[275–278] However, relatively little attention 
has been paid to the support and/or current-collector materials of the air electrode, and as detailed 
in Section 3.4.1, carbon-based gas diffusion electrodes as well as carbon and graphite powders are 
often used as the conductive catalyst support even though they are susceptible to carbon corrosion. 
Therefore, rechargeable zinc-air batteries with high energy density, long cycle life and long 
calendar life require more corrosion-resistant materials in the air electrode. 
Metal-based air electrodes can offer much higher corrosion resistance due to their ability to 
form a passivating film on their surface, which greatly reduces the metal oxidation rate. Due to 
their relatively high stability and low cost, nickel-based air electrodes have been adopted by some 
research groups for demonstration of novel bifunctional catalysts.[274,279,280] The dip-coated nickel-
based electrodes mentioned at the end of Section 3.4.1 have also shown promising performance. 





the (oxy)hydroxide passivating layer alternates between the 2+ and 3+ states (Ni(OH)2 and 
NiOOH) during the start of discharging and charging, respectively, which was reported as 
beneficial to its efficiency due to the lower overpotential of these reactions relative to the ORR 
and OER.[256]  
However, the degradation mechanism of nickel-based air electrodes after extended cycling 
has not been discussed in the literature. This is an important consideration, since voltage losses 
after battery cycling might be mistakenly attributed to degradation of the catalyst particles instead 
of possible material changes on the supporting nickel electrode. The electrode structure is 
presumed to resemble the “flooded agglomerate” model of typical carbon-based air electrodes 
(Figure 3.8), with electrolyte-flooded agglomerates of catalyst-coated nickel particles bound by a 
network of hydrophobic channels established by the PTFE binder. However, a key dynamic which 
does not apply to carbon-based air electrodes is the influence of the (oxy)hydroxide passivating 
layer on this mechanism. Whether this dynamic contributes to voltage losses of zinc-air batteries 
with nickel-based air electrodes, and if so to what extent, needs to be understood for extending 
battery durability.  
To address this question in this work, nickel-based air electrodes were fabricated and 
investigated with a series of cyclic galvanostatic and potentiodynamic polarization experiments. 
The structure of the electrode before and after cycling was characterized to confirm the presence 
of a passivating nickel (oxy)hydroxide film. A multi-step discharge method was used to estimate 
the growth of the nickel (oxy)hydroxide passivating film, which was linked to dynamic potential 





losses were evaluated at a current density of 10 mA cm-2, which is commonly used for evaluation 
of static-electrolyte rechargeable zinc-air batteries. The results provide strong evidence of a 
degradation mechanism for nickel-based air electrodes which is distinct from degradation of the 
catalyst itself. This insight will aid in the design of more robust bifunctional metal-based air 
electrodes for long-lasting rechargeable zinc-air batteries. 
 
4.2 Experimental Methods 
4.2.1 Electrode Preparation and Characterization 
The preparation procedure for the nickel-based gas diffusion electrode was adapted from 
Price et al.[129] Nickel foam (110 pores per inch, 42 mg cm-2, 1.7 mm thick) was used as the 
electrode support and current collector. Prior to electrode rolling, the nickel foam was 
ultrasonically treated in acetone for 20 min, etched in 1 mol L-1 HCl at 80°C for 1 h, rinsed and 
ultrasonically treated in deionized water for 15 min, rinsed with isopropyl alcohol (IPA) and finally 
dried in air. To prepare the electrode slurry, nickel powder (Sigma Aldrich, Product #266981) with 
an average particle size of approximately 3 µm was added to a vial together with a 50/50 mixture 
of IPA and deionized water. 60 wt.% PTFE emulsion (Sigma Aldrich, Product #665800) was then 
added dropwise to the vial while stirring and the slurry was ultrasonically mixed for 30 min. The 
slurry was blended in a planetary mixer for 5 min to bind the nickel powder with the PTFE. After 
pouring out excess liquid, the blended mass was placed onto aluminum foil and rolled into a flat 
sheet with the same area as the nickel foam. The nickel/PTFE sheet was then pressed into the 





nickel/PTFE slurry had a PTFE content of 30%, and the slurry mass loading in the nickel foam 
was approximately 180 mg cm-2. After allowing the rolled electrode to dry overnight, the electrode 
was heated at 350°C in air for 30 min and then immersed in a cobalt/nickel nitrate precursor 
solution for 5 min. The precursor solution consisted of 2 mol L-1 cobalt (II) nitrate (Sigma Aldrich, 
Product #239267) and 1 mol L-1 nickel (II) nitrate (Sigma Aldrich, Product #72253) dissolved in 
a 60/40 mixture of H2O/IPA. The electrode was dried in air at room temperature for approximately 
3 h and finally was heated at 350°C in air for 3 h to convert the nitrates into the nickel cobalt oxide 
(NiCo2O4) spinel phase.  
The final gas diffusion electrode (depicted in Figure 4.1a) had a diameter of 1.9 cm and 
included an approximately 2 cm long extended piece of the nickel foam current collector which 
acted as the working electrode connection. A thin-layer electrode was also fabricated by rolling an 
identical nickel/PTFE mixture down to 150 µm (dry slurry mass of approximately 75 mg cm-2), 
pressing it onto a nickel foil current collector and carrying out the same heating and dip-coat 
treatment as described above. Morphological characterization of the gas diffusion electrode was 
conducted with a Zeiss LEO 1530 field emission scanning electron microscope (SEM). X-ray 
diffraction (XRD) was conducted on a MiniFlex 600 Rigaku instrument, and X-ray photoelectron 









Figure 4.1. (a) Schematic depiction of single-layer nickel-based gas diffusion electrode 
(particles enlarged relative to the nickel foam pores for clarity), and schematic representations 
(side-view) of three-electrode cells for performance evaluation of (b) nickel-based gas diffusion 
electrode and (c) nickel-based thin-layer electrode as the working electrode (WE). A porous zinc 









4.2.2 Cell Design 
Two cell designs (Figure 4.1b,c) containing a combination of acrylic plates and silicone 
gaskets fastened together with bolts and nuts were employed for electrochemical testing. Each 
design utilized a three-electrode configuration including a porous zinc counter electrode and zinc 
wire reference electrode. Unlike a two-electrode configuration, the cells employed here ensured 
that any possible degradation of the porous zinc electrode during cycling would not affect the 
potential measurement at the air electrode. The electrolyte in each experiment was an aqueous 
solution of 6 mol L-1 KOH prepared from distilled and deionized water. The electrolyte was also 
pre-saturated with zinc oxide (ZnO) to improve cyclability of the zinc electrode and to ensure that 
the potential of the zinc wire reference electrode maintained a stable equilibrium potential. Porous 
zinc electrodes were prepared via cathodic electrodeposition from a fresh electrolyte with the same 
composition as above onto a Cu mesh current collector at a potential of -300 mV vs. Zn/ZnO.[177] 
The capacities of these zinc electrodes were at least 10 times the capacity required for discharge 
(i.e. ORR) steps in the cycling procedures described below.  
The cell depicted in Figure 4.1b was employed for electrochemical testing of the gas 
diffusion electrode. The electrode was exposed to the electrolyte on the inner side and ambient air 
on the outer side through 1.65 cm diameter circular holes in the adjacent gaskets and plates. The 
Ni/PTFE slurry-deposited side of the electrode faced the air and the non-slurry-deposited side 
faced the electrolyte. A microporous polypropylene separator (Celgard 5550) separated the zinc 
counter electrode from the gas diffusion electrode. An additional microporous separator was also 





oxygen gas evolved during OER exited through the air-side of the cell rather than bubbling into 
the electrolyte. However, it should be noted that this separator placement caused slightly higher 
OER potentials (approximately 0.1 V higher) to be observed, possibly due to some oxygen bubbles 
becoming stuck between the electrode surface and separator and reducing electrolyte coverage of 
the electrode. The distance between the zinc wire reference electrode and gas diffusion electrode 
was approximately 2 mm.  
The cell depicted in Figure 4.1c was used for electrochemical testing of the thin-layer 
electrode. The electrode in this cell was not exposed to the air; oxygen exposure was instead 
provided via dissolved oxygen in an oxygen-saturated electrolyte. A magnetic stir bar in the cell 
was rotated at 500 rpm to facilitate electrolyte wetting and oxygen transport to the electrode, which 
was exposed to the electrolyte through a 1.05 cm diameter opening. As will be discussed in more 
detail, this design was mainly employed to avoid time-sensitive potential losses caused by 
electrolyte flooding into the gas pores of the thicker gas diffusion electrode. A distance over 1 cm 
separated the zinc wire reference electrode and thin-layer electrode in this cell; however, IR-
compensation was employed for polarization experiments using both designs to negate any 
associated potential drops in the electrolyte.   
4.2.3 Electrochemical Testing 
Galvanostatic charge/discharge cycling of the gas diffusion electrode was conducted on a 
Neware BTS3000 battery tester, while galvanostatic electrochemical impedance spectroscopy 
(EIS) and potentiodynamic polarization experiments were conducted on a Bio-Logic VSP 





(Zn/ZnO). Several reactions occurred on the air electrodes in each experiment, including ORR and 
OER (Equation 4.1), NiOOH reduction and Ni(OH)2 oxidation (Equation 4.2) and nickel metal 
oxidation (Equation 4.3). Each reaction and its standard equilibrium potential[247,281] relative to 
Zn/ZnO in alkaline electrolyte is provided below. 
 
O2 +  2H2O +  4e
−  ↔  4OH−,    E° =  1.66 V vs. Zn/ZnO (Equation 4.1) 
NiOOH + H2O + e
−  ↔ Ni(OH)2 + OH
−, E° =  1.75 V vs. Zn/ZnO (Equation 4.2) 
Ni +  2OH−  →  Ni(OH)2 + 2e
−,     E° =  0.54 V vs. Zn/ZnO (Equation 4.3) 
 
Galvanostatic cycling was used to evaluate the rechargeability of the nickel-based gas 
diffusion electrode at 10 mA cm-2. The exact test sequence is shown in Table 4.1 and is also 
demonstrated graphically in Figure 4.2. Unlike a typical cycling experiment, two-step reduction 
(corresponding to battery discharge) and two-step oxidation (battery charge) cycles were employed 
to separately evaluate the oxygen reactions (Equation 4.1) and the NiOOH/Ni(OH)2 reactions 
(Equation 4.2). This was possible due to the relatively smaller overpotentials of the 
NiOOH/Ni(OH)2 reactions, which enabled cut-off potentials used in the first step of the reduction 
or oxidation cycle to indicate when these reactions were approximately completed. Since the ORR 
potential was never higher than 1.3 V vs. Zn and the OER potential was never lower than 1.95 V 
vs. Zn at 10 mA cm-2, cut-off potentials of 1.3 V and 1.95 V vs. Zn were used respectively during 
reduction and oxidation to determine the approximate capacity of Equation 4.2. This capacity is 





cycle. Therefore, changes of the NiOOH/Ni(OH)2 capacity could be compared with changes of the 
ORR or OER overpotentials to determine if there is a correlation between the film growth and the 
electrode’s catalytic performance. After the electrode potential passed these cut-off voltages, 
reduction continued for 15 minutes to evaluate the ORR potential or 17 minutes to evaluate the 
OER potential. Extra time was allocated to the oxidation step to ensure the Zn counter electrode’s 
capacity did not rapidly drop during cycling, since some of the deposition current at the Zn 
electrode is lost to hydrogen evolution. While the hydrogen quantity evolved from the Zn electrode 
during this step was not quantified, 2 extra minutes was determined to be suitable based on visual 
observation that the Zn electrode’s size did substantially change after the cycling procedure. 
During the rest steps in this procedure, the gradual recovery of the open circuit potential as shown 
in Figure 4.2 can be attributed to the slow rebalancing of the oxygen and/or hydroxide 
concentration gradients established during oxidation or reduction steps.[282,283] 
 
Table 4.1. Galvanostatic Cycling Procedure for Nickel-Based Gas Diffusion Electrode.   
Step Operation Duration/End Condition Dominant Reaction 
1 Rest 5 min  
2 Reduction @ 10 mA cm-2 Cut-off @ 1.3 V Eq. 4.2 (forward) 
3 Reduction @ 10 mA cm-2 15 min or cut-off @ 0.1 V Eq. 4.1 (forward) 
4 Rest 5 min  
5 Oxidation @ 10 mA cm-2 Cut-off @ 1.95 V Eq. 4.2 (reverse), Eq. 4.3 
6 Oxidation @ 10 mA cm-2 17 min Eq. 4.1 (reverse) 






Figure 4.2. Graphical demonstration of two-step reduction and two-step oxidation cycles and the 
dominant reactions occurring at each step.  
 
In the next electrochemical experiment, galvanostatic cycling was employed together with 
galvanostatic EIS on the gas diffusion electrode (Table 4.2). This was used to measure changes of 
the ohmic resistance of the cell and impedance characteristics of the ORR as cycling progressed. 
For each cycle, a 60-minute reduction step at 10 mA cm-2 was used prior to each EIS measurement 
to ensure the NiOOH film was fully reduced to Ni(OH)2 and that the air electrode had reached a 
stable potential. The galvanostatic EIS measurement was conducted at 10 mA cm-2 with a 





Table 4.2. Galvanostatic Cycling and EIS Procedure for Nickel-Based Gas Diffusion Electrode.  
Step Operation Duration Dominant Reactions 
1 Rest 5 min  
2 Reduction @ 10 mA cm-2 60 min. Eq. 1 (forward), Eq. 2 (forward)  
3 Reduction @ 10 mA cm-2 with EIS ~ 30 min. Eq. 1 (forward) 
4 Rest 5 min.  
5 Oxidation @ 10 mA cm-2 90 min. Eq. 1 (reverse), Eq. 2 (reverse), Eq. 3 
6 Loop to Step 1   
 
Cyclic potentiodynamic polarization experiments were then conducted on the gas diffusion 
and thin-layer electrodes according to the protocol outlined in Table 4.3. To evaluate the effect of 
(oxy)hydroxide film growth on the ORR kinetics, the polarization curves were recorded after 
various cumulative times of oxidation at 2.2 V vs. Zn. Like the previous experiments, multi-step 
oxidation and reduction reactions were applied to distinguish the oxygen reactions from the 
NiOOH/Ni(OH)2 reactions. An additional galvanostatic reduction step at 1 mA cm
-2 with an 
appropriate cut-off voltage and a following potentiostatic reduction step at the cut-off voltage were 
applied to ensure that NiOOH reduction and any associated capacitive currents[284] were fully 
completed prior to recording the ORR polarization curves. IR-correction to the polarization curves 
was applied using ohmic resistance measurements at the starting potential and 85% correction to 








Table 4.3. Cyclic Potentiodynamic Polarization Procedure for the Nickel-Based Gas Diffusion 
Electrode (GDE) and Thin-Layer Electrode (TLE).  
Step Operation Duration/End Condition Dominant Reaction 
1 Rest 5 min.  
2 Reduction @ 10 mA cm-2 
Cut-off @ 1.3 V (GDE),  
@ 1.2 V (TLE) 
Eq. 2 (forward) 
3 Reduction @ 1 mA cm-2 
Cut-off @ 1.35 V (GDE),  
@ 1.325 V (TLE) 
Eq. 2 (forward) 
4 
Reduction  
@ 1.35 V vs. Zn (GDE),  
@ 1.325 V vs. Zn (TLE) 
60 min. 





1.35 V to 0.875 V  
@ 0.25 mV s-1 (GDE),  
1.325 V to 0.8 V  
@ 0.1 mV s-1 (TLE) 
Eq. 1 (forward) 
6 Rest 5 min.  
7 Oxidation @ 10 mA cm-2 Cut-off @ 1.95 V vs. Zn Eq. 2 (reverse) 
8 Oxidation @ 2.2 V vs. Zn Variable duration 
Eq. 1 (reverse), Eq. 2 
(reverse), Eq. 3 
9 Loop to Step 1   
 
4.3 Results and Discussion 
The morphology of the nickel particles used to fabricate the nickel-based air electrodes are 
shown in Figure 4.3a. Carbonyl nickel particles were selected due to their rough texture which 
provided a high surface area for catalyst deposition. The Ni/PTFE slurry-deposited side of the 





micropores allowing for gas diffusion. The higher magnification SEM image in Figure 4.3c shows 
the PTFE-bonded nickel particles more clearly. Figure 4.3d,e show the nickel foam morphology 
at low and high magnification on the non-slurry side of the electrode. After the Co/Ni nitrate dip-
coating procedure, the NiCo2O4 catalyst particles displayed a nanoflake structure (Figure 4.3f). 
 
 
Figure 4.3. SEM images of (a) the nickel particle morphology; the Ni/PTFE slurry-deposited 
side of the electrode at (b) low magnification and (c) high magnification; the non-slurry side of 
the electrode at (d) low magnification, (e) high magnification and (f) high magnification after 
deposition of the NiCo2O4 catalyst. 
 
Galvanostatic cycling test results for the gas diffusion electrode are provided in Figure 4.4. 
The electrode was subjected to 100 cycles of the test protocol outlined in Table 4.1, with the 





at the end of each cycle decreased from 1.24 V to 1.17 V vs. Zn within the first ten cycles, and fell 
further to 1.04 V by the end of the 50th cycle. After the 50th cycle, the ORR potential started to 
decline more rapidly, and after approximately 75 cycles it consistently fell below the lower cut-
off voltage of 0.1 V vs. Zn. The OER potential displayed fluctuating potentials within each cycle, 
which has been previously observed[129,273] and could be explained by the growth and detachment 
of oxygen bubbles disrupting the solid/electrolyte interface. However, the OER potentials 
remained relatively consistent throughout the 100 cycles. Therefore, the remainder of the 
investigation was focused on uncovering the origin(s) of ORR kinetic losses.  
Figure 4.4b displays oxidation and reduction transients at various cycle numbers. For the 
first reduction and oxidation cycles, the electrode potential quickly attained stable values in the 
expected potential ranges for ORR and OER, indicating that very little nickel oxidation had yet 
occurred. However, subsequent cycles displayed an initial period of lower overpotentials before a 
stabilized ORR or OER potential was established. The profiles for the 10th, 40th and 100th cycles 
show that this low-overpotential period became increasingly longer as cycling progressed, 
indicating a continual increase of the conversion capacity between Ni(OH)2 and NiOOH. This 
demonstrates the importance of using sufficiently long cycles for ORR/OER evaluation of nickel-
based air electrodes, since the NiOOH/Ni(OH)2 conversion reactions must be completed before 








Figure 4.4. Galvanostatic cycling (procedure per Table 4.1) for nickel-based gas diffusion 
electrode: (a) Galvanostatic cycling potentials, (b) oxidation and reduction transients at different 
cycle numbers, (c) NiOOH→Ni(OH)2 and Ni(OH)2→NiOOH conversion capacities with 10-
point adjacent-average smoothed lines, (d) ORR/ OER potentials and average NiOOH/Ni(OH)2 
capacity as a function of cycle number. 
 
 The capacities of the NiOOH→Ni(OH)2 conversion reaction (measured by the capacity of 
the reduction step before the potential fell below 1.3 V vs. Zn) and the Ni(OH)2→NiOOH 
conversion reaction (measured by the capacity of the oxidation step before the potential rose above 
1.95 V vs. Zn) are shown as a function of cycle number in Figure 4.4c. Both capacity 
measurements rose quickly above an assumed initial value of zero during the first 5 cycles, and 





capacities started to diverge, with the NiOOH→Ni(OH)2 conversion reaction displaying 
apparently lower values. This was likely caused by the rapidly decreasing ORR activity, since the 
potential above 1.3 V (although mainly attributable to the NiOOH→Ni(OH)2 conversion reaction) 
may be partially dictated by the ORR activity. After the 80th cycle, both measured capacities 
appeared to reach a maximum, suggesting that Ni (oxy)hydroxide growth stopped at this point. 
The ORR and OER potentials observed at the end of each cycle, along with the average measured 
NiOOH/Ni(OH)2 capacity during each cycle, are plotted together in Figure 4.4d. Although the 
ORR potential decreased and the NiOOH/Ni(OH)2 capacity increased during the 100 cycles, no 
direct correlation between the two measurements as a function of cycle number was evident here.  
 To view morphological changes which may have contributed to the steep drop in ORR 
activity, SEM images of the gas diffusion electrode were taken before and after 100 cycles of the 
protocol outlined in Table 4.1. Figure 4.5a and Figure 4.5b respectively show the non-slurry and 
slurry-deposited side of the electrode before cycling, and Figure 4.5c and Figure 4.5d respectively 
show the non-slurry and slurry-deposited side of the electrode after 100 cycles. Before cycling, the 
NiCo2O4 catalyst flakes are clearly visible on both sides of the electrode. However, after 100 
cycles, both sides of the electrode appeared to be covered by a spongey film and the NiCo2O4 







Figure 4.5. SEM images of the nickel-based gas diffusion electrode: (a) non-slurry side and (b) 
slurry-deposited side before cycling; (c) non-slurry side and (d) slurry-deposited side after 100 
galvanostatic oxidation/reduction cycles (Table 4.1).  
 
XRD spectra of the electrode surface before cycling and after 10 and 100 cycles were 
recorded to try to identify the material phases observed visually in SEM. The largest peaks 
observed on all samples were those of metallic nickel (JCPDS # 04-0850), as shown in Figure 4.6. 
Smaller peaks corresponding to NiCo2O4 (JCPDS # 20-0781) were also observed on each sample, 
and their intensities became progressively smaller after cycling, which is consistent with 





However, diffraction peaks corresponding to the Ni(OH)2 or NiOOH phases which were expected 
to constitute the film observed in SEM were not detected. This could be explained by previous 
observations that nickel (oxy)hydroxides grown electrochemically have poor crystalline 
ordering.[285] After 100 cycles, new peaks corresponding to the metastable ε-Zn(OH)2 phase were 




Figure 4.6. XRD spectra of the nickel-based gas diffusion electrode surface before cycling and 
after 10 and 100 galvanostatic oxidation/reduction cycles (Table 4.1). 
 
 To further study the chemical changes of the nickel-based air electrode surface, XPS was 
performed before and after 10 and 100 cycles of the protocol outlined in Table 4.1. As shown in 





and C and F (from the PTFE binder) were observed before cycling. After cycling, the Co peaks 
became progressively weaker while the Ni peaks became stronger especially after 100 cycles. 
Peaks corresponding to residual Zn from the ZnO-saturated electrolyte were also present after 
cycling. Figure 4.7b shows the evolution of the electrode surface’s elemental composition before 
and after cycling. The most important observation was a dramatic reduction of the Co content after 
cycling, indicating a reduced presence of the NiCo2O4 catalyst flakes on the surface which is 
consistent with the SEM and XRD results. Concurrently, the Ni content increased after 100 cycles, 
and would have also increased after 10 cycles if the quantification of residual Zn from the 
electrolyte was ignored. This, together, with the progressively increased O content after cycling, 
indicates the growth of an oxidized and/or hydrated Ni film overtop of the NiCo2O4 catalyst. The 
reduction of C and F were likely caused by the growing Ni-rich film overtop of the PTFE binder. 
Also, the fact that the Zn content only slightly increased between 10 to 100 cycles means that it 
was unlikely to have played a major role in the severe ORR potential losses observed between 
cycles 50 to 70 in Figure 4.4d, even if it had precipitated on the electrode surface during cycling 







Figure 4.7. XPS analysis of the nickel-based gas diffusion electrode before and after 10 and 100 
galvanostatic oxidation/reduction cycles (Table 4.1): (a) Survey spectra, (b) quantified chemical 
composition of electrode surfaces where the error bars represent the uncertainty (one standard 
deviation) of the quantified measurement,[288,289] (c) high-resolution deconvoluted Ni 2p spectra, 






 The high-resolution XPS spectra of the Ni 2p and O 1s peaks were investigated and 
deconvoluted to gain better insight into the chemical state of the Ni-rich film which grew on the 
electrode surface after cycling. The Ni 2p spectra, for which only the 2p3/2 spectra were 
deconvoluted, are presented in Figure 4.7c. The spectrum recorded before cycling was fitted with 
a multiplet envelope of three main peaks and two satellite peaks assigned to NiCo2O4.
[290] After 10 
cycles, the main peak in the 2p3/2 spectral pattern was noticeably broadened, which was well-fitted 
by adding the two major peaks of the multiplet envelope for Ni(OH)2
[290] and reducing the main 
NiCo2O4 peak intensities. This confirms the growth of a Ni (oxy)hydroxide film (observed as 
Ni(OH)2 here, since the electrode was analyzed after the electrochemical reduction steps in Table 
4.1) overtop of the NiCo2O4 catalyst in the early cycling stages. The spacing and relative sizes and 
shapes of the deconvoluted NiCo2O4 peaks remained largely unchanged in the optimized fitting, 
meaning that their chemical states did not appear to be altered after growth of the Ni(OH)2 film. 
After 100 cycles, the main peak and satellite peak structures became larger and significantly shifted 
to higher binding energies. This spectrum was fitted by adding a main peak around 857 eV 
corresponding to NiOOH[291–293] and a new satellite peak around 863 eV, using fixed full width at 
half maximum values previously reported for electrochemically prepared γ-NiOOH.[294] The 
presence of NiOOH together with Ni(OH)2 after 100 cycles means that the Ni (oxy)hydroxide film 
was not fully reduced to Ni(OH)2 after it grew significantly thick, which could mean the film 
continued to grow even after its capacity appeared to plateau in Figure 4.4c.  
The high-resolution O 1s spectra are shown in Figure 4.7d. The first spectrum before cycling 





(531.3 eV) in the NiCo2O4 catalyst.
[290,295,296] After 10 cycles, the low-binding energy peak of the 
spectrum decreased while the high-binding energy peak increased, which was fitted by adding a 
sharper hydroxide peak at 531.3 eV.[296,297] An additional peak at 532.4 eV corresponding to 
physisorbed or intercalated water[298,299] was also necessary to produce an accurate fitting. After 
100 cycles, the lattice oxide peak was significantly reduced while the hydroxide and water peaks 
were enhanced. An additional higher-binding energy water peak that has been previously noted in 
oxyhydroxide compounds[290] was also needed to fit the spectral data. Zn(OH)4
2- dissolved in this 
bound or intercalated water within the nickel (oxy)hydroxide film likely gave rise to the metastable 
ε-Zn(OH)2 phase observed in XRD analysis (Figure 4.6). More importantly, intercalated water in 
the nickel (oxy)hydroxide film might play a role in preventing mass transfer of oxygen to the 
underlying NiCo2O4 catalyst, thus causing reduced ORR kinetics after cycling. Regardless, the 
nickel (oxy)hydroxide film observed with SEM and XPS is proposed to be the principal cause of 
potential degradation observed during galvanostatic cycling, since it likely increases the resistance 
of oxygen diffusion to the NiCo2O4 catalyst. 
For deeper electrochemical insight on the increasing ORR overpotentials, galvanostatic 
cycling with EIS measurements at a reduction current of 10 mA cm-2 were conducted according to 
Table 4.2 on a new gas diffusion electrode. The first important observation is that the ohmic 
resistance, indicated by the high-frequency real impedance intercepts (Figure 4.8 inset), did not 
substantially increase as cycling progressed. This resistance was 1.3 Ω cm2 during the first cycle 
and 2.5 Ω cm2 during the 50th cycle, corresponding to a very minor 12 mV increase of the ohmic 





collectors) could not have accounted for the large ORR potential loss observed in Figure 4.4a,b,d. 
Secondly, it should be noted that each of the EIS plots in Figure 4.8 begin at an approximate 45° 
angle. EIS curves typically begin at a 45° angle for diffusion-limited systems and a 90° angle for 
charge transfer-limited systems,[300] meaning that the electrodes studied here were likely limited 
by diffusion at 10 mA cm-2. The EIS spectra appeared as two depressed semicircles, especially 
visible after higher cycle numbers, which is characteristic of porous electrodes.[301] Similar EIS 
spectra for gas diffusion electrodes have previously been modeled by a modified Randles circuit 
with one or more finite diffusion elements in series with the charge transfer resistance 
term.[251,300,301] Arai et al.[300] determined that, in a carbon-based air electrode, the high-frequency 
(leftmost) semicircle was indicative of ionic diffusion resistance while the low-frequency 
(rightmost) semicircle was indicative of oxygen diffusion resistance. In this case, the low-
frequency (rightmost) semicircle appeared to experience the most growth as cycling progressed. 
This suggests that increased oxygen diffusion resistance was responsible for most of the ORR 







Figure 4.8. Galvanostatic EIS plots (procedure per Table 4.2) for nickel-based gas diffusion 
electrode. 
 
Cyclic potentiodynamic polarization experiments were conducted on the gas diffusion 
electrode to directly investigate the role of activation loss (measured by analysis of the Tafel 
region) and mass transfer loss (measured by the limiting currents). The IR-corrected ORR 
polarization curves, which were measured as part of the procedure outlined in Table 4.3, are 
displayed in Figure 4.9a. Figure 4.9b shows the Tafel region of the ORR polarization curves 
measured after different cumulative times of oxidation at 2.2 V. Tafel slopes observed for the ORR 
on spinel catalysts in alkaline electrolytes have a minimum value of approximately 40 mV dec-
1.[302–304] This is consistent with a theoretical value of 39 mV dec-1 (2.303RT/αF, α=1.5),[305] which 





determining.[306] Doubled Tafel slopes are often observed on porous air electrodes due to oxygen 
transport limitations within porous aggregates,[243,244,305,307] which would explain the initial value 
of 76 mV dec-1 observed in Figure 4.9b. The shift from the normal Tafel slope to the double Tafel 
slope likely occurred at a potential above the polarization range.  
 
 
Figure 4.9. Cyclic potentiodynamic polarization (procedure per Table 4.3) for nickel-based gas 
diffusion electrode: (a) Full IR-corrected ORR polarization curves and (b) ORR Tafel plots after 
various total oxidation times at 2.2 V, (c) dependence of NiOOH→Ni(OH)2 capacity and ORR 
Tafel slope magnitude on the total oxidation time at 2.2 V, (d) dependence of ORR Tafel slope 
magnitude on NiOOH→Ni(OH)2 capacity, (e) dependence of limiting ORR current on the 
reciprocal of NiOOH→Ni(OH)2 capacity with line of best fit over linear region, (f) ORR 







The first oxidation cycle (oxidized at 10 mA cm-2 until reaching the cut-off of 1.95 V and 
skipping step 8 of Table 4.3) and second oxidation cycle (5 min at 2.2 V) caused the 
NiOOH/Ni(OH)2 capacity to quickly increase from zero to 1.1 mAh and 1.8 mAh, respectively 
(Figure 4.9c). The Tafel slope remained close (79 mV dec-1) to its initial value after 5 min of 
charging (Figure 4.9b); however, the recorded current densities shifted negatively, which likely 
indicates the transition to a doubled Tafel slope occurred at a higher potential compared to the 
initial polarization curve. This could be attributed to the nickel (oxy)hydroxide film growing inside 
the pores of the catalyst-coated nickel aggregates, causing increased internal oxygen diffusion 
resistance and thus a transition to a doubled Tafel slope at a smaller ORR overpotential.[244] After 
greater oxidation time periods, currents in the Tafel region were further reduced. While this is 
partially explained by a further negative shift of the Tafel regions, it was also due to increasing 
Tafel slope magnitudes which reached nearly 200 mV dec-1 (Figure 4.9b). The dependence of both 
the NiOOH/Ni(OH)2 capacity and ORR Tafel slope magnitude on the total oxidation time is shown 
in Figure 4.9c. Both values displayed relatively rapid increases within the first 8 h of oxidation at 
2.2 V, followed by more gradual increases during the remaining 104 h. 
An increasing Tafel slope could be attributed to two different factors, which in turn may be 
at least partially attributed to the growing nickel (oxy)hydroxide film. Firstly, if the rate-
determining step of the ORR is changed from the second electron transfer step to the previous step 
(between the first and second electron transfers) involving adsorbed superoxide exchange with a 
surface hydroxide on the catalyst surface,[306] the theoretical Tafel slope would change from 39 





by the increased presence of Ni(OH)2 or NiOOH surfaces, which have relatively slow redox 
reaction kinetics to support superoxide exchange.[308] Secondly, the Tafel slope (already presumed 
to be doubled due to oxygen transport limitations, as mentioned two paragraphs above) could be 
doubled again if both oxygen and ionic transport resistances become significant within the porous 
nickel aggregates of the electrode.[244] Ionic transport limitations within the porous aggregates are 
expected to occur due to reduced pore sizes between the Ni particles resulting from growth of the 
nickel (oxy)hydroxide film. Contributions from both factors would be needed to explain the Tafel 
slope increases observed in Figure 4.9b, since the first factor or second factor alone (i.e. only one 
of these factors considered together with the already doubled Tafel slope mentioned two 
paragraphs above) would result in a maximum Tafel slope of only 118 mV dec-1 (2×2.303RT/αF, 
α=1.0) or 158 mV dec-1 (2×2×2.303RT/αF, α=1.5), respectively.[244,305] Figure 4.9d displays the 
relationship between the ORR Tafel slope magnitude and the NiOOH/Ni(OH)2 capacity, where a 
relatively minor positive dependence is observed within the first 3 mAh of growth followed by an 
approximate doubling of the Tafel slope as the NiOOH/Ni(OH)2 capacity approaches its maximum 
(limiting) value. The doubling of the Tafel slope during the latter period is consistent with the 
explanation of it being caused by significant ionic transport limitations (second factor above); this 
is reasoned because ionic transfer limitations are also likely to cause the nickel (oxy)hydroxide 
film’s growth to become limited during this period, since hydroxide ions are required for the nickel 
oxidation reaction (Equation 4.3) to continue. This leaves the initial Tafel slope increase within 






From the analysis in the previous paragraph, it appears likely that the nickel (oxy)hydroxide 
film plays a significant role in increasing activation losses of the nickel-based air electrode. 
However, it should be noted that the Tafel plots shown in Figure 4.9b do not maintain the same 
slope over at least 1 decade of current. This is further shown in Figure 4.10 where, for each 
polarization curve, any three consecutive datapoints having a slope that differs by less than 1% of 
the measured Tafel slope in Figure 4.9b are indicated by enlargement of the middle of the three 
datapoints. Normally, reliable observance of Tafel behaviour requires the same Tafel slope to be 
measured across at least one decade of current density.[309] Since the polarization curves begin at 
1.35 V vs. Zn, rather than a higher value (due to the prior steps 1-3 shown in Table 4.3 required 
to reduce the NiOOH to Ni(OH)2), a less-than-ideal range of the Tafel region was observed in this 
work. As shown in Figure 4.10, none of the Tafel plots in Figure 4.9b maintain the same measured 
slope (within 1% deviation) for more than one decade of current; mass transfer polarization losses 
cause the slope to increase before 1 full decade of current in the Tafel region can be observed. 
Therefore, improved measurements of the Tafel regions over 1 decade of current would be needed 
to have full confidence in the Tafel slopes discussed above (especially for the slopes measured 
beyond 8 h of total oxidation time, where Figure 4.10 makes it evident that mass transfer 
polarization losses may have interfered with the Tafel slopes measured between 1.30-1.32 V). 
However, as will be discussed in the following paragraphs, mass transfer losses were found to 
dominate the polarization losses at the current density of 10 mA cm-2 focused on in this work. 
Thus, the activation losses characterized by Tafel slope measurements are not critical to 






Figure 4.10. Magnified ORR polarization curves from Figure 4.9a. In these curves, any three 
consecutive datapoints having a slope that differs by less than 1% of the measured Tafel slope in 
Figure 4.9b are indicated by enlargement of the middle of the three datapoints.       
 
 The ORR polarization curves in Figure 4.9a display substantial reductions of the limiting 
current as the oxidation time is increased, revealing significantly increased mass transfer losses. 
Based on the SEM and XPS observations that the nickel (oxy)hydroxide film grows overtop of the 
NiCo2O4 catalyst, increased mass transfer losses are expected since oxygen must diffuse through 
an increasingly thicker film before undergoing reduction at the catalyst surface. If the nickel 
(oxy)hydroxide film is the dominating source of diffusion resistance, the limiting current will be 





at 0.875 V vs. Zn was plotted against the reciprocal of the measured NiOOH/Ni(OH)2 capacity 
(which is assumed to be proportional to its thickness) in Figure 4.9e. A linear correlation was 
indeed observed at high capacities (low reciprocal values), indicating that the nickel 
(oxy)hydroxide film was likely the dominant source of diffusion resistance when it became 
significantly thick. At low nickel (oxy)hydroxide thickness (high reciprocal capacity), deviation 
of the measured limiting currents from the linear pattern indicates that the porous 
PTFE/electrolyte/gas network in the air electrode (schematically shown in Figure 4.1a) was the 
initial dominant source of diffusion resistance. 
 Figure 4.9f compares the ORR polarization curves before oxidation (initial) and after 8 h of 
oxidation, including dashed lines for extrapolation of the Tafel slopes. This enables a comparison 
of the relative contributions of activation and mass transfer overpotential at different current 
densities. At 10 mA cm-2, which was the current density for the galvanostatic oxidation/reduction 
experiments (Figure 4.4), mass transfer losses are the more significant source of overpotential 
after 8 h. After longer oxidation times, mass transfer losses are even more significant. Therefore, 
the rapid potential loss observed after 50 cycles in Figure 4.4d likely occurred when the limiting 
current approached and fell below 10 mA cm-2. Even for shorter oxidation times, mass transfer 
losses were always responsible for at least 65% of the total potential loss from the initial 
performance at 10 mA cm-2, indicating the high significance of performance degradation caused 
by the nickel (oxy)hydroxide film growing overtop of the catalyst.  
Although the linear portion of Figure 4.9e strongly suggested that the nickel (oxy)hydroxide 





electrolyte flooding into the gas diffusion channels or carbonate precipitation within the electrode 
pores could potentially contribute to diffusion resistance. Therefore, a similar experiment using a 
thin-layer electrode and the cell shown in Figure 4.1c was performed to further investigate mass 
transfer losses. The thin-layer electrode (150 µm thick) minimizes the importance of through-
thickness oxygen diffusion in comparison to the relatively thick (1000 µm) gas diffusion electrode. 
Also, the only source of oxygen in this cell is dissolved in the electrolyte (i.e. no gas phase oxygen), 
meaning that mass transfer losses caused by electrolyte flooding into gas channels is not 
applicable. Moreover, since the oxygen and water reactants arrive from the same side of the 
electrode in this case, the ORR should be concentrated on the surface of the thin-layer electrode, 
which further minimizes the importance of through-thickness oxygen diffusion. Finally, the large 
volume of circulating electrolyte means that carbonates are unlikely to precipitate inside the 
electrode pores. Therefore, if the same relationship between limiting current and reciprocal 
NiOOH/Ni(OH)2 capacity is observed in this experiment, mass transfer losses can be more 
definitively attributed to oxygen diffusion limitations through the nickel (oxy)hydroxide film. 
Figure 4.11a shows the ORR polarization curves for the thin-layer electrode after various 
cumulative times of oxidation at 2.2 V vs. Zn. Much smaller limiting currents were observed in 
comparison to the gas diffusion electrode, highlighting the importance of exposure to the oxygen 
gas phase. It should be noted that Tafel slopes could not be measured from most of these curves 
since mass transfer losses appeared to dominate even at low overpotentials. Despite the much 
lower limiting currents, a similar trend of decreasing limiting currents with higher oxidation times 





NiOOH/Ni(OH)2 capacity and total oxidation time. Most importantly, Figure 4.11b displays the 
same linear correlation between the limiting current and reciprocal of the NiOOH/Ni(OH)2 
capacity at high capacity values. The deviation of limiting currents from the linear pattern at low 
capacity values means that, in this case, the diffusion of dissolved oxygen through the electrolyte 
was the limiting factor prior to significant growth of the nickel (oxy)hydroxide film. Since other 
possible sources of mass transfer loss in the gas diffusion electrode can be ruled out in this 
experiment, the same relationships observed in Figure 4.9e and Figure 4.11b points to the nickel 
(oxy)hydroxide film as the most significant source of mass transfer losses in both electrodes. Since 
the nickel (oxy)hydroxide film grows most rapidly at high potentials (i.e. during OER or charging 
of a zinc-air battery), the majority of voltage loss in each cycling experiment was likely dictated 
by total charging time at a given potential and not by other cycling parameters such as the depth 
of discharge.     
 
 
Figure 4.11. Cyclic potentiodynamic polarization (procedure per Table 4.3) for nickel-based 
thin-layer electrode: (a) Full IR-corrected ORR polarization curves, (b) dependence of limiting 
ORR current on the reciprocal of NiOOH→Ni(OH)2 capacity with line of best fit over linear 





 To summarize, the ORR potential losses observed during cycling of the nickel-based air 
electrode investigated in this work were caused by a combination of activation and mass transfer 
losses. Both losses were mainly attributed to the growth of the nickel (oxy)hydroxide film, which 
is shown schematically for an aggregate of catalyst-coated nickel particles in Figure 4.12 (actual 
aggregates could potentially be much more than 8 particles as shown here). Activation losses were 
associated with a steeper and negatively-shifted Tafel slope, which are caused by increased 
resistance to oxygen and ionic transport within the aggregate due to film growth inside the pores 
between the particles. The increased Tafel slope was also attributed to rate limitations of the 
adsorbed superoxide exchange step in the ORR mechanism, which might also be influenced by 
nickel (oxy)hydroxide film growth. Mass transfer losses were caused by increased oxygen 
transport resistance from the gas diffusion channels to the inside of the aggregate due to the nickel 
(oxy)hydroxide film growth on the outer nickel surfaces. At 10 mA cm-2, mass transfer losses were 
the dominant source of ORR overpotential. These findings are applicable not only to nickel-
supported catalysts, but to any catalyst system involving a metal component where an oxidation 
film could grow from its surface and block a nearby catalyst site (possibly the metal itself) from 







Figure 4.12. Schematic representation of an electrolyte-flooded agglomerate of catalyst-coated 
nickel particles. The nickel oxy(hydroxide) film growth resulting from prolonged oxidation 
causes increased oxygen and ionic transport resistance within the aggregate and increased 
oxygen transport resistance from the outside to the inside of the aggregate. 
 
 The results of this investigation have important implications for the design of nickel-based 
bifunctional air electrodes with improved stability, as well as air electrodes based on other porous 
networks of metals which may form passivating films. Firstly, the size of the nickel particle 
aggregates should be reduced; this would shorten the diffusion lengths within the aggregate and 
mitigate the activation losses from higher effective diffusion coefficients arising from film growth 
within the aggregate. This could be accomplished by improving the dispersion of nickel and PTFE 
to minimize nickel particle aggregation during electrode preparation.[311] While the influence of 
the nickel particle size itself is not clear, it is suspected that the use of larger particles could help 
minimize aggregation, although larger particles could also result in a significantly lower surface 





engineered with a high aspect ratio (e.g. nanowire morphology[225,277]) such that it extends far 
enough from the nickel support to maintain direct exposure to the electrolyte/gas phase after the 
passivating film growth begins to slow down. Alternatively, a physical mixture of nickel and 
catalyst particles (rather than catalyst-coated nickel particles employed in this work) could provide 
greater separation between the two materials, thus avoiding total (oxy)hydroxide film coverage of 
the catalyst. However, this could lead to significant ohmic resistance losses if the (oxy)hydroxide 
film grows between the nickel and catalyst particles. In this case, incorporating a small amount of 
non-film-forming conductive additives (i.e. carbon or graphite) in the air electrode to maintain 
electron-conductive interfaces[274] may be beneficial, if the relatively minor carbonate generation 
from the corrosion of the distributed carbon is tolerable. Finally, it may be possible to completely 
replace metal supports with metal oxide/hydroxide supports if their conductivity could be 
sufficiently increased,[312,313] since the growth of oxidation films would not apply in this case. 
Certainly, the rechargeability of carbon-free or low-carbon air electrodes can be greatly improved 




 In this work, the nature and underlying mechanism of nickel-based air electrode performance 
loss was investigated within rechargeable zinc-air batteries. It was shown that increased ORR 
overpotential after extended battery cycling was caused by a combination of activation and mass 





microscopy and X-ray photoelectron spectroscopy revealed the growth of a nickel (oxy)hydroxide 
film overtop of the NiCo2O4 catalyst, which impeded oxygen diffusion and was the dominant 
source of mass transfer losses after it grew significantly thick. Nickel (oxy)hydroxide film growth 
within the pores of the catalyst-coated nickel particle aggregates also likely contributed to higher 
activation losses evidenced by steeper and negatively-shifted Tafel slopes. The diagnostic methods 
in this work shed light on various strategies for mitigating performance loss caused by the 
(oxy)hydroxide film growth. Implementing these strategies could lead to high-energy density 






Chapter 5:  Design and Feasibility of Thin Nickel Foam-Based 
Air Electrodes for Rechargeable Zinc-Air Batteries 
 
5.1 Introduction 
 In the previous chapter, it was shown that oxidation of nickel metal supports for nickel-based 
air electrodes is an important factor contributing to the degradation of their ORR activity, 
particularly when the nickel (oxy)hydroxide film grows overtop of the adhered catalyst. Therefore, 
to improve the performance of nickel-based air electrodes, electrode designs which can reduce 
metal oxidation or catalyst structures which can withstand the growth of the nickel (oxy)hydroxide 
film should be explored. In addition, the mass and thickness of such nickel-based air electrodes 
should be minimized if they are to succeed in energy-dense rechargeable zinc-air batteries. For 
instance, the areal mass and thickness of the nickel-based air electrode reported by Price and 
coworkers[129,256,273] were about 195 mg cm-2 and 1.0 mm, while those reported by Armstrong[258] 
were about 122 mg cm-2 and 0.71 mm, respectively. By comparison, carbon felts and papers used 
for carbon-based air electrodes have areal masses ranging from 4-70 mg cm-2 with thicknesses less 
than 0.5 mm.[314,315]  
 Unlike the nickel-based air electrode investigated in Chapter 4, the nickel metal substrate 
(sintered nickel plaque with 85% porosity) employed by Armstrong was not loaded with a nickel 
powder/PTFE slurry before dip-coating. To achieve hydrophobicity, the electrode was either 





oxide, or it was dip-coated in an aqueous mixture of cobalt/nickel nitrate and PTFE particles, which 
were then calcined/heat-treated together. The latter method was found to result in improved 
electrochemical performance of the bifunctional air electrode.  
It is worthwhile to explore whether the method of co-dip-coating cobalt/nickel nitrates and 
PTFE particles could also be used to coat a bare nickel foam substrate rather than nickel foam pre-
loaded with nickel powder and PTFE. Since nickel foam has an areal mass comparable to carbon 
papers and felts, such an electrode would be less heavy than the previously investigated nickel-
based air electrodes. The nickel foam can also be compressed to a lower thickness prior to dip-
coating to produce a thin air electrode that could be practically used in an energy-dense 
rechargeable zinc-air battery. Also, since a lower ratio of nickel metal to catalyst particles in the 
electrode can be achieved by eliminating nickel metal powder, less growth and lower interference 
of the nickel (oxy)hydroxide film with the catalyst is hypothesized. Therefore, this work 
investigates nickel foam pre-compressed to a thickness of about 0.2 mm and loaded with a mixed 
cobalt or nickel/cobalt oxide and PTFE coating, herein referred to as thin nickel-foam based air 
electrodes. 
 
5.2 Experimental Methods 
Commercially available nickel foam (110 pores per inch, 35 mg cm-2, 1.6 mm thick), 60 
wt.% PTFE emulsion (Sigma Aldrich, product #665800), cobalt (II) nitrate hexahydrate (Alfa 
Aesar, product #11341A1) and nickel (II) nitrate hexahydrate (Sigma Aldrich, product #72253) 





with a Zeiss UltraPlus field emission SEM and XRD analyses were completed on a MiniFlex 600 
Rigaku instrument. 
The thin nickel foam-based air electrode was prepared from which. The nickel foam, which 
acted as both the catalyst support and current collector, was cut into the desired size and then 
compressed down to a thickness of approximately 0.2 mm with fixed-width rollers. After rinsing 
in ethanol and air-drying, the nickel foam was first dip-coated in various precursor mixtures 
containing suspended PTFE particles and dissolved cobalt nitrate (or nickel/cobalt nitrate). Dip-
coating was accomplished by immersing the nickel foam in the precursor solution for 5 minutes, 
followed by drying in a non-convective oven at 75 °C for approximately 15 minutes, resulting in 
a mixed coating of PTFE and cobalt nitrate (or nickel/cobalt nitrate) adhered on the nickel foam. 
The cobalt (or nickel/cobalt nitrates) were converted to the spinel oxide phase (Co3O4 or NiCo2O4) 
by calcining in an air atmosphere for various temperatures and times. Prior to calcination, some 
electrodes were also subjected to a pre-heat-treatment step at 125 °C in an air atmosphere, usually 
for 16 hours. After calcination, the electrodes were soaked in PTFE emulsion with various 
concentrations, dried at 75 °C for approximately 15 minutes, and then subjected to a heat-treatment 
in air at the same temperature as the prior calcination, resulting in an outer PTFE-coating. Specific 
details and parameters of each preparation step are shown in Table 5.1. As indicated by the 
“Dip/pre-heat-treat/calcine sequence” column, some electrodes were subjected to dipping, pre-
heating and calcination three times prior to the outer PTFE-coating step (denoted as “3 dip/pre-
heat/calcine”), and other electrodes were subjected to dipping and pre-heating three times prior to 





Table 5.1. Preparation parameters for the investigated thin nickel foam-based air electrodes 



























2.75 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
- 
250 °C / 
4 hours 
1 dip/calcine 15 wt.% 250 °C / 5 min 
2 
2.75 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
- 
250 °C / 
4 hours 
1 dip/calcine 15 wt.% 250 °C / 1 h 
3 
2.75 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
- 
300 °C / 
2 hours 
1 dip/calcine 15 wt.% 300 °C / 5 min 
4 
2.75 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
- 
300 °C / 
2 hours 
1 dip/calcine 15 wt.% 300 °C / 1 h 
5 
2.75 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 




15 wt.% 250 °C / 5 min 
6 
2.75 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 




15 wt.% 250 °C / 1 h 
7 
2.75 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 




15 wt.% 300 °C / 5 min 
8 
2.75 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 




15 wt.% 300 °C / 1 h 
9 
2.0 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 




15 wt.% 250 °C / 1 h 
10 
3.5 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 




15 wt.% 250 °C / 1 h 
11 
2.75 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 




15 wt.% 250 °C / 1 h 
12 
2.0 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 




15 wt.% 250 °C / 1 h 
13 
3.5 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 




15 wt.% 250 °C / 1 h 
14 
2.75 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 
250 °C / 
4 hours 
3 dip/pre-heat,  
1 calcine 
15 wt.% 250 °C / 1 h 
15 
2.0 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 
250 °C / 
4 hours 
3 dip/pre-heat,  
1 calcine 
15 wt.% 250 °C / 1 h 
16 
3.5 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 
250 °C / 
4 hours 
3 dip/pre-heat,  
1 calcine 
15 wt.% 250 °C / 1 h 
17 
2.0 mol l-1 Co(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 




30 wt.% 250 °C / 1 h 
18 
1.33 mol l-1 Co(NO3)2 
+ 0.67 mol l-1 
Ni(NO3)2 
+ 80 mg l-1 PTFE 
125 °C / 
16 hours 










 All electrochemical testing was conducted using the same cell design as described in Section 
4.2.2 and shown in Figure 4.1b. Galvanostatic cycling was conducted at various current densities 
using the same “two-step” oxidation and reduction procedure from Chapter 4 in order to allow 
the NiOOH/Ni(OH)2 reactions to complete and track their capacities before each subsequent 
reduction (ORR) or oxidation (OER) step, as shown in Table 5.2-Table 5.4. To help determine 
which preparation parameters in Table 5.1 were important, analysis of variance (ANOVA) and t-
tests of the electrode’s initial ORR potentials and cycle-lives were completed using “Real Statistics 
Resource Pack” with Microsoft Excel. 
 
Table 5.2. Galvanostatic cycling procedure at 10 mA cm-2 for thin nickel foam-based electrode. 
Step Operation Duration/End Condition Dominant Reaction 
1 Rest 1 min  
2 Reduction @ 10 mA cm-2 Cut-off @ 1.3 V Eq. 4.2 (forward) 
3 Reduction @ 10 mA cm-2 15 min  Eq. 4.1 (forward) 
4 Rest 1 min  
5 Oxidation @ 10 mA cm-2 Cut-off @ 1.95 V Eq. 4.2 (reverse), Eq. 4.3 
6 Oxidation @ 10 mA cm-2 17 min Eq. 4.3 (reverse) 










Table 5.3. Galvanostatic cycling procedure at 20 mA cm-2 for thin nickel foam-based electrode. 
Step 4 was added to additionally monitor the ORR potential at 10 mA cm-2 during cycling. 
Step Operation Duration/End Condition Dominant Reaction 
1 Rest 1 min  
2 Reduction @ 20 mA cm-2 Cut-off @ 1.25 V Eq. 4.2 (forward) 
3 Reduction @ 20 mA cm-2 15 min  Eq. 4.1 (forward) 
4 Reduction @ 10 mA cm-2 1 min Eq. 4.1 (forward) 
5 Rest 1 min  
6 Oxidation @ 20 mA cm-2 Cut-off @ 2.0 V Eq. 4.2 (reverse), Eq. 4.3 
7 Oxidation @ 20 mA cm-2 19 min Eq. 4.3 (reverse) 
8 Loop to Step 2   
 
Table 5.4. Galvanostatic cycling procedure at 50 mA cm-2 for thin nickel foam-based electrode. 
Steps 4 and 5 were added to additionally monitor the ORR potentials at 10 mA cm-2 and 20 mA 
cm-2 during cycling. 
Step Operation Duration/End Condition Dominant Reaction 
1 Rest 1 min  
2 Reduction @ 50 mA cm-2 Cut-off @ 1.20 V Eq. 4.2 (forward) 
3 Reduction @ 50 mA cm-2 15 min  Eq. 4.1 (forward) 
4 Reduction @ 20 mA cm-2 1 min Eq. 4.1 (forward) 
5 Reduction @ 10 mA cm-2 1 min Eq. 4.1 (forward) 
6 Rest 1 min  
7 Oxidation @ 50 mA cm-2 Cut-off @ 2.05 V Eq. 4.2 (reverse), Eq. 4.3 
8 Oxidation @ 50 mA cm-2 19 min Eq. 4.3 (reverse) 







5.3 Results and Discussion 
5.3.1 Physical Characterization 
 The morphologies of the thin nickel foam-based air electrode after calcination and after 
applying the outer PTFE-coating are displayed in Figure 5.1 As will be shown later, this specific 
electrode design (Electrode #17 in Table 5.1) resulted in the highest cycle-life and is therefore 
used as the basis for the following physical and crystallographic analyses. The as-calcined 
electrode displays a rough texture across the surface of the nickel foam struts (Figure 5.1a), and 
upon examination at higher magnifications (Figure 5.1c,e) is revealed to be uniformly coated by 
sisal-like structures. After applying the outer-PTFE coating, the nickel foam struts have a more 
smooth appearance (Figure 5.1b) due to the mostly-continuous layer of PTFE observed at higher 
magnifications (Figure 5.1d,f). However, the tips of the sisal-like structures can still be observed 
protruding through the outer PTFE layer across various locations of the electrode in Figure 5.1d,f. 
The texture of the PTFE layer in Figure 5.1f is consistent with that of previously reported annealed 
PTFE film samples.[316] It should also be noted that, as expected, the electrode surface becomes 
highly water-repellant after applying the outer PTFE-coating due to the hydrophobic property of 
PTFE. 
Figure 5.2 displays a sequence of even higher magnification SEM images exhibiting the 
morphological evolution of the constituents on the nickel foam surface after various stages of 
preparation, and Figure 5.3 displays corresponding diffraction patterns. After dipping the thin 






Figure 5.1. SEM images of thin nickel-foam based air electrode (Electrode #17 in Table 5.1): 
(a,c,e) calcined electrode and (b,d,f) calcined electrode with outer PTFE-coating. (a,b) 100 X 






observed on the foam surface (Figure 5.2a). These crystals were assumed to have resulted from 
the precipitation of dissolved cobalt nitrate upon evaporation of water during drying. The 
associated diffraction pattern after drying at 75 °C (Figure 5.3a) displays a large number of peaks 
ranging from approximately 7 to 43 degrees. Hydrated cobalt nitrates often similarly display a high 
density of diffraction peaks[317,318]; however, the diffraction pattern in Figure 5.3a could not be 
indexed to any hydrated cobalt nitrate pattern references, perhaps because the intermixed PTFE 
particles could change the facets of the typical hydrated cobalt nitrate crystal structure.  
Figure 5.2b shows the Co(NO3)2/PTFE-dipped electrode after the 16-hour pre-heat-
treatment at 125 °C. A much smoother surface is observed after this pre-heat-treatment, likely due 
to the melting and partial dehydration/decomposition[317,319] of the hydrated cobalt nitrate resulting 
in a more compact coating. The associated diffraction pattern in Figure 5.3b shows a reduced 
number of crystal facets likely due to the partial dehydration/decomposition of the cobalt nitrate, 
but once again it could not be indexed to any cobalt nitrate pattern references. The compacted 
coating is suspected to be beneficial to the electrode’s stability by providing better protection of 
the underlying nickel metal struts from oxidation by the electrolyte. Figure 5.2c shows a higher-
magnification image of the same sample, highlighting the presence of small particles likely 
corresponding to PTFE due to their similar size and morphology to previously reported images of 
PTFE particles.[316,320] This is also consistent with the existence of a diffraction peak at 17 degrees 
in Figure 5.3b corresponding to PTFE.  
The SEM images in Figure 5.2d,e show the aforementioned sisal-like structure at higher 





in Figure 5.3c shows the added presence of Co3O4-indexed peaks, confirming that the cobalt 
nitrate coating is converted to cobalt oxide. The higher-magnification image in Figure 5.2d,e also 
highlights that the PTFE particles remain in place after calcination and are well-dispersed around 
the branches of the sisal-like cobalt oxide. This could be beneficial to the mechanical stability of 
the cobalt oxide branches during electrochemical cycling, especially during high-current OER 
where oxygen bubbles are rapidly evolved from the oxide surface, due to the binding property of 
PTFE. The partial coverage of the cobalt oxide branches by PTFE particles could also provide 
ample three-phase interfaces between the oxide, electrolyte and oxygen during ORR due to the 
hydrophobic function of PTFE. It is also interesting to note that previous reporters of sisal-like 
cobalt oxides[321,322] employed more complicated synthesis routes than the simple dip-coating 
method employed here.  
Figure 5.2f finally shows the thin nickel foam surface after applying the outer-PTFE layer, 
and the associated diffraction pattern in Figure 5.3e predictably shows a more intense peak 
corresponding to PTFE.  Unlike Figure 5.1f, this region of the PTFE-coating contains a relatively 
large hole around a cobalt oxide branch. While the purpose of the outer PTFE-coating is to prevent 
over-flooding of the electrolyte throughout the entire pore volume of the nickel foam, it is 
speculated that these holes could allow a thin film of electrolyte to travel underneath the outer 
PTFE layer, providing necessary contact with the cobalt oxide branches. However, the electrolyte 






Figure 5.2. SEM images of the thin nickel foam-based air electrode after various stages of 
preparation: (a) after dipping in Co(NO3)2/PTFE mixture (2.0 mol l
-1 Co(NO3)2 + 80 mg l
-1 
PTFE) and drying at 75 °C for 15 minutes; (b,c) after subjecting Co(NO3)2/PTFE-dipped 
electrode to pre-heat-treatment at 125 °C for 16 hours; (d,e) after subjecting Co(NO3)2/PTFE-
dipped and pre-heat-treated electrode (3 dip/pre-heat-treatment cycles) to calcination at 250 °C 
for 4 hours; (f) after soaking calcined electrode from (d,e) in 30 wt.% PTFE emulsion, drying at 
75 °C for 15 minutes, and heat-treating at 250 °C for 1 hour. (a,b,d,f) 20,000X magnification; 






Figure 5.3. XRD spectra of the nickel foam-based air electrode after various stages of 
preparation: (a) after dipping in Co(NO3)2/PTFE mixture (2.0 mol l
-1 Co(NO3)2 + 80 mg l
-1 
PTFE) and drying at 75 °C for 15 minutes; (b) after subjecting Co(NO3)2/PTFE-dipped electrode 
to pre-heat-treatment at 125 °C for 16 hours; (c) after subjecting Co(NO3)2/PTFE-dipped and 
pre-heat-treated electrode (3 dip/pre-heat-treatment cycles) to calcination at 250 °C for 4 hours; 
(d) after subjecting [Ni1/3Co2/3](NO3)2/PTFE-dipped and pre-heat-treated electrode (3 dip/pre-
heat-treat cycles, equivalent total nitrate and PTFE concentration as (a-c)) to calcination at 250 
°C for 4 hours; (e) after soaking calcined electrode from (c) in 30 wt.% PTFE emulsion, drying 





Figure 5.4 shows an equivalently prepared as-calcined electrode which was dipped in a 
mixture of nickel and cobalt nitrate (1.33 mol l-1 Co(NO3)2 + 0.67 mol l
-1 Ni(NO3)2) with PTFE 
instead of only cobalt nitrate and PTFE. While the left-shifted spinel diffraction peaks in Figure 
5.3d indicate the formation of NiCo2O4, the sisal-like oxide morphology was not observed on this 
electrode, which instead displayed a more flat and cracked structure. Cracks could perhaps form 
due to stress buildup if the cobalt and nickel nitrate ions precipitate at different rates during drying, 
or if cobalt and nickel nitrates decompose at different rates during the pre-heat-treatment or 
calcination steps. A previous report[323] also showed considerably different morphologies between 
calcined Co3O4 and NiCo2O4 nanostructures. 
 
 
Figure 5.4. SEM images of [Ni1/3Co2/3](NO3)2/PTFE-dipped and pre-heat-treated electrode (3 
dip/pre-heat-treat cycles, 1.33 mol l-1 Co(NO3)2 + 0.67 mol l
-1 Ni(NO3)2 + 80 mg l
-1 PTFE) after 
calcination at 250 °C for 4 hours: (a) 1000X magnification; (b) 10,000X magnification. 
 
Table 5.5 shows some basic physical properties of the developed thin nickel foam-based air 
electrode. Typical values for the nickel-based air electrode investigated in Chapter 4 (hereafter 





approximately four-times thinner and over four-times lighter electrode developed here is much 
better suited to an energy-dense zinc-air battery configuration, since there would be far less 
“wasted” mass and thickness on a component which does not itself provide electrochemical 
capacity. The Co3O4 or NiCo2O4 loading of the thin nickel foam-based electrode, despite 
undergoing three dip-coat cycles rather than only one for the thick nickel-based air electrode, is 
slightly lower than the NiCo2O4 loading on the thick nickel-based air electrode. This is likely due 
to the higher surface area of the pre-dipped thick nickel-based air electrode, which unlike the 
present electrode, was loaded with nickel powder. The thin nickel foam-based electrode also has 
over six times less PTFE than the thick nickel-based electrode, which (along with the complete 
absence of nickel powder) should substantially lower the material costs for the former. The absence 
of a nickel powder slurry also means that the manufacturing cost of large-scale fabrication of the 
thin nickel foam-based air electrode should be lower due, since slurry mixing and slurry pasting 






Table 5.5. Basic physical properties of the thin nickel foam-based air electrode (Electrode #17 in 
Table 5.1) compared to the thick nickel-based air electrode from Chapter 4. Loadings were 
calculated by mass change measurements. 
 























0.25 0.25 0.25 0.25 0.25 1.0 
Areal Mass (mg cm-2) 47.38 48.95 51.33 49.22 46.00 237.45 
Co3O4 or NiCo2O4 
loading (mg cm-2) 
8.02 8.60 8.85 8.49 7.12 10.47 
Inner PTFE 
(intermixed with 
Co3O4 or NiCo2O4) 
loading (mg cm-2) 
4.00 4.29 4.42 4.24 3.56 - 
Outer PTFE loading 
(mg cm-2) 
3.82 4.14 5.41 4.46 4.14 - 
Total PTFE  
(mg cm-2) 








5.3.2 Electrochemical Cycling Evaluation 
The galvanostatic cycling performance of the NiCo2O4-loaded thin nickel foam electrode 
(Electrode #18 in Table 5.1) is evaluated here first at 10 mA cm-2 in order to provide a direct 
comparison to the thick nickel-based air electrode from Chapter 4:. The galvanostatic cycling 
potentials over time are shown in Figure 5.5a. The initial ORR potential at 10 mA cm-2 for the 
thin nickel foam electrode was over 1.25 V vs. Zn, which was slightly higher than the thick nickel 
electrode (1.24 V vs. Zn, Figure 4.4a). The OER potential at 10 mA cm-2 was also slightly lower 
for the thin nickel foam electrode, remaining below 2.05 V vs. Zn during the entire cycling 
experiment. Moreover, no within-cycle fluctuations of the OER potential (as was shown for the 
thick nickel-based electrode in Figure 4.4a,b) were observed for the thin nickel foam electrode, 
which could be explained by the electrode’s larger porosity which avoids trapping evolved oxygen.  
In Figure 5.5b it is seen that the NiOOH/Ni(OH)2 capacity of the thin nickel foam air 
electrode grows larger as the cycle number increases, showing that the underlying nickel metal 
foam is progressively oxidized to nickel hydroxide which subsequently oxidizes and reduces 
between NiOOH and Ni(OH)2. However, the capacity growth on the thick nickel-based air 
electrode was considerably faster than that of the thin nickel foam-based air electrode; for instance, 
after 80 cycles, the NiOOH/Ni(OH)2 capacity of the former grew to approximately 4 mAh (Figure 
4.4c), compared to only 1.7 mAh for the latter (Figure 5.5b). This likely helps to explain why the 
thin nickel foam electrode withstood over three times more charge-discharge cycles than the thick 
nickel-based electrode, lasting 187 charge-discharge cycles with an ORR voltage higher than 1.0 





If the same failure mechanism (Figure 4.12) applies to both types of electrodes, the thin 
nickel foam electrode likely can withstand more charge/discharge cycles because only the nickel 
metal foam struts grow a nickel (oxy)hydroxide film, as compared to both the nickel metal powder 
particles and nickel metal struts in the thick nickel-based electrode. Also, while the total catalyst 
loading is relatively similar on both electrodes (Table 5.5), the catalyst is dispersed across a much 
lower surface area on the thin nickel foam electrode (i.e. only across the nickel struts, whereas the 
catalyst is dispersed across both the nickel metal struts and nickel powder particles for the thick 
nickel-based electrode). This means that the catalyst layer thickness on the thin nickel foam-based 
electrode is likely significantly thicker than that on the thick nickel-based electrode, meaning that 
the underlying nickel metal is better protected from oxidation and also that a growing 








Figure 5.5. Galvanostatic cycling at 10 mA cm-2 (procedure per Table 5.2) for thin-nickel foam-
based air electrode with NiCo2O4 catalyst (Electrode #18 in Table 5.1): (a) Galvanostatic cycling 
potentials; (b) NiOOH→Ni(OH)2 and Ni(OH)2→NiOOH conversion capacities with 10-point 
adjacent-average smoothed lines; (c) ORR/ OER potentials and average NiOOH/Ni(OH)2 
capacity as a function of cycle number. 
 
Next, the galvanostatic cycling performance of the equivalently prepared Co3O4-loaded thin 
nickel foam electrode (Electrode #17 in Table 5.1) at 10 mA cm-2 is evaluated to observe the 
outcome when using Co3O4 as the dip-coated catalyst rather than NiCo2O4. Figure 5.6a shows the 
galvanostatic cycling potentials, where it is apparent that although the initial ORR potential is 
slightly lower (1.24 V vs. Zn) in comparison to the NiCo2O4-loaded electrode, the cycle-stability 





correlated with the much slower NiOOH/Ni(OH)2 capacity growth observed in Figure 5.6b; after 
200 cycles, the measured NiOOH/Ni(OH)2 capacity of the Co3O4-loaded electrode was only 0.84 
mAh, over two times lower than that for the NiCo2O4-loaded electrode (1.9 mAh after 200 cycles). 
Perhaps due to this factor, the Co3O4-loaded electrode displays a remarkably improved cycle-life, 
providing over 1100 charge-discharge cycles with an ORR potential greater than 1.0 V vs. Zn at 
10 mA cm-2 (Figure 5.6c).  
The slower capacity growth of the Co3O4-loaded electrode, indicating slower oxidation of 
the nickel metal foam, could be explained by the more uniform surface coverage of the deposited 
oxide/PTFE layer (Figure 5.1c,e) compared to that for the NiCo2O4-loaded electrode (Figure 
5.4a,b). The specific morphology of the Co3O4-loaded electrode, where the branches of the sisal-
like Co3O4 particles protrude away from the nickel foam substrate and the PTFE particles are 
congregated closer to the substrate at the base of the branches, may also help to explain its reduced 
nickel metal oxidation and enhanced cycle-life. It is suspected that this configuration reduces the 
amount of direct electrolyte contact with the nickel metal substrate due to the hydrophobic nature 
of the PTFE particles, and the electrolyte would instead preferentially contact the more hydrophilic 








Figure 5.6. Galvanostatic cycling at 10 mA cm-2 (procedure per Table 5.2) for thin-nickel foam-
based air electrode with Co3O4 catalyst (Electrode #17 in Table 5.1): (a) Galvanostatic cycling 
potentials; (b) NiOOH→Ni(OH)2 and Ni(OH)2→NiOOH conversion capacities with 10-point 
adjacent-average smoothed lines; (c) ORR/ OER potentials and average NiOOH/Ni(OH)2 
capacity as a function of cycle number. 
 
Due to the long cycle-life of the Co3O4-loaded thin foam electrode at 10 mA cm
-2 (over 650 
hours of operation with an ORR potential above 1.0 V vs. Zn), the electrode cycle-life was also 
evaluated with higher-current galvanostatic cycling tests. The galvanostatic cycling potentials for 
cycle-tests using 20 mA cm-2 and 50 mA cm-2 alternating oxidation and reduction currents are 
shown in Figure 5.7a and Figure 5.7b, respectively. At 20 mA cm-2, the thin foam electrode is 





hours of operation. At 50 mA cm-2, the electrode can provide over 100 cycles with ORR potentials 
above 1.0 V vs Zn. A recent modeling study[257] determined that a theoretical rechargeable zinc-
air battery capable of providing 150 charge-discharge cycles with discharge currents up to 40 mA 
cm-2 would be feasible in a dual-battery electric vehicle, with the zinc-air battery pack acting as a 
range extender to supplement a small lithium-ion battery pack. Therefore, the result in Figure 5.7b 
for cycling at a constant current of 50 mA cm-2 seems to indicate that the thin nickel foam-based 
electrode developed here could be a promising air electrode candidate in an automotive zinc-air 
battery application. Also, as discussed in earlier chapters, the absence of any carbon-phase 
constituent in nickel-based air electrodes would eliminate the issue of carbon corrosion in 
conventional carbon-based air electrodes,[130] which would occur in the latter electrode type even 
when the battery is not operating. This is an important consideration especially for a zinc-air 
battery acting as an occasionally used range-extender, since such a battery would be inactive for 







Figure 5.7. Galvanostatic cycling potentials for thin-nickel foam-based air electrode with Co3O4 
catalyst (Electrode #17 in Table 5.1) at (a) 20 mA cm-2 (procedure per Table 5.3) and (b) 50 mA 
cm-2 (procedure per Table 5.4). 
 
 The next section briefly discusses and compares the performances of Electrode #’s 1 through 
17 in Table 5.1, showing how the preferred combination of preparation parameters to produce the 
above Co3O4-loaded thin nickel foam-based air electrode was arrived at. All evaluations were 
conducted at 20 mA cm-2 using the procedure outlined in Table 5.3, and the initial ORR potentials 
and cycle-lives of the electrodes were both evaluated. The initial ORR potential was measured at 
the end of the first reduction cycle (end of step 3 in Table 5.3) following the first oxidation cycle, 





electrode displayed an ORR potential of greater than 1.0 V vs. Zn by the end of step 3 in Table 
5.3. 
First, Figure 5.8 summarizes the initial ORR potentials and cycle-lives of electrodes (i) with 
and without the 16-hour, 125 °C pre-heat-treatment step, (ii) calcined at 250 °C for 4 hours or 300 
°C for 2 hours, and (iii) heat-treated for 5 minutes or 1 hour after PTFE soaking for the outer PTFE-
coating. In all cases, the initial ORR potential was higher for electrodes calcined at 250 °C for 4 
hours, and electrodes pre-heat-treated at 125°C for 16 hours prior to calcination. The cycle-life 
was also higher for all electrodes subjected to the pre-heat-treatment step, but the effect of the 
calcination condition on cycle-life was inconclusive. The effect of heat-treatment time after PTFE 
soaking on the initial ORR potential was inconclusive, but the 1-hour heat-treatment time appeared 










Figure 5.8. (a) Initial ORR potential vs. Zn and (b) cycle-life of thin nickel foam-based air 
electrodes at 20 mA cm-2 with the following three preparation factors: pre-heat/no pre-heat, 
calcination temperature/time, duration of heat-treatment after PTFE soaking. The initial ORR 
potential was measured at the end of the first reduction cycle (end of step 3 in Table 5.3) 
following the first oxidation cycle. Cycle life is defined as the number of oxidation-reduction 
cycles at 20 mA cm-2 (procedure per Table 5.3) with that the air electrode maintained an ORR 
potential of greater than 1.0 V vs. Zn by the end of each 20 mA cm-2 reduction cycle (end of step 
5 in ). In the cases where repeat samples were tested, the black-outlined coordinate indicates the 
average potential or cycle-life of the three samples. The results in this figure are of Electrode #’s 
1-8 in Table 5.1.  
 
The means and variances of the initial ORR potential and cycle-life for the above three 
factors are summarized in Table 5.6 and Table 5.8 respectively, and associated ANOVA results 
are shown in Table 5.7 and Table 5.9 respectively. The ANOVA results confirmed that pre-heat-
treatment step significantly affected both the initial ORR potential and cycle-life, and the choice 
of calcination condition also significantly affected the initial ORR potential. Therefore the 125 °C 
pre-heat-treatment step and 250 °C/4-hour calcination condition were selected as preferred 





treatment times after PTFE soaking was not statistically significant, but nevertheless the 1-hour 
heat-treatment time after PTFE soaking was selected for producing the next set of electrodes. 
 
Table 5.6. Means and variances of initial ORR potential (vs. Zn at 20 mA cm-2) for thin nickel 
foam-based electrodes grouped by the following three preparation factors: pre-heat/no pre-heat, 
calcination temperature/time, duration of heat-treatment after PTFE soaking. Initial ORR 







treatment after PTFE 
soaking 
Count Mean Variance 
No   4 1.1399 V 0.000150580 
Yes (125 °C / 16 hr)    4 1.1714 V 0.000064329 
 250 °C / 4 hr  4 1.1632 V 0.000344328 
 300 °C / 2 hr  4 1.1481 V 0.000381262 
  5 minutes 4 1.1569 V 0.000501643 
  1 hour 4 1.1544 V 0.000371142 
 
Table 5.7. Three-factor ANOVA of initial ORR potential statistics in Table 5.6. 





0.001985550 1 0.001985550 44.29628 0.00265 Yes 
Calcination 
temperature / time 
0.000453507 1 0.000453507 10.11743 0.03351 Yes 
Duration of heat-
treatment after PTFE 
soaking 
0.000011923 1 0.000011923 0.26600 0.63322 No 
Error (Within) 0.000179297 4 0.000044824    









Table 5.8. Means and variances of cycle-life (at 20 mA cm-2) for thin nickel foam-based 
electrodes grouped by the following three preparation factors: pre-heat/no pre-heat, calcination 
temperature/time, duration of heat-treatment after PTFE soaking. Initial ORR potential and 







treatment after PTFE 
soaking 
Count Mean Variance 
No   4 52 1783 
Yes (125 °C / 16 hr)    4 181 605 
 250 °C / 4 hr  4 109 11493 
 300 °C / 2 hr  4 124 1806 
  5 minutes 4 112 6669 
  1 hour 4 121 6732 
 
Table 5.9. Three-factor ANOVA of cycle-life statistics in Table 5.8. 





33196 1 33196 20.28616534 0.010789324 Yes 
Calcination 
temperature / time 
460 1 460 0.281140723 0.624023114 No 
Duration of heat-
treatment after PTFE 
soaking 
156 1 156 0.095365812 0.772879111 No 
Error (Within) 6546 4 1636    
Total 40358 7 5765    
 
Figure 5.9 summarizes the initial ORR potentials and cycle-lives of electrodes with (i) three 
different Co(NO3)2 concentrations in the precursor dipping mixture (2.0, 2.75, 3.5 mol l
-1) and (ii) 
dip/pre-heat-treat/calcine sequence (1 dip/pre-heat/calcine, 3 dip/pre-heat/calcine, 3 dip/pre-heat, 
1 calcine). In all cases, the electrodes subjected to 3 dip/pre-heat/calcine cycles showed the lowest 
initial ORR potentials and the lowest cycle-lives. The electrodes subjected to 3 dip/pre-heat cycles 





highest cycle-life than the other dip/pre-heat-treat/calcine sequences for the same Co(NO3)2 
concentration. The effect of the Co(NO3)2 concentration in the precursor dipping mixture on the 
initial ORR potential was inconclusive, while the 2.75 mol l-1 concentration tended to result in 
higher cycle life.  
 
 
Figure 5.9. (a) Initial ORR potential vs. Zn and (b) cycle-life of thin nickel foam-based air 
electrodes at 20 mA cm-2 with the following two preparation factors: Co(NO3)2 concentration of 
precursor mixture for electrode dipping and dip/pre-heat-treat/calcine sequence. Initial ORR 
potential and cycle-life are defined in the Figure 5.8 caption. The results in this figure are of 
Electrode #’s 6 and 9-16 in Table 5.1. 
 
The means and variances of the initial ORR potential and cycle-life for the above two factors 
are summarized in Table 5.10 and Table 5.12 respectively, and associated ANOVA results are 
shown in Table 5.11 and Table 5.13 respectively. The ANOVA results confirmed that the choice 
of dip/pre-heat/calcine sequence significantly affected both the initial ORR potential and cycle-





Co(NO3)2 concentrations was not statistically significant. The 3 dip/pre-heat, 1 calcine sequence 
was selected as the preferred production method since the electrodes resulting from this process 
achieved the highest cycle lives and mostly displayed the highest initial ORR potentials. Although 
the 2.75 mol l-1 Co(NO3)2 precursor concentration tended to result in higher cycle-lives, the 2.0 
mol l-1 Co(NO3)2 concentration was selected due to the lower cost and lower toxicity associated 
with using a lower Co(NO3)2 concentration for electrode dipping. Further investigation is needed 
to determine if an even lower Co(NO3)2 concentration is feasible, and also if changing the PTFE 
concentrations in the precursor mixture would result in different ORR activities or cycle-lives. 
 
Table 5.10. Means and variances of initial ORR potential (vs. Zn at 20 mA cm-2) for thin nickel 
foam-based electrodes grouped by the following two preparation factors: Co(NO3)2 
concentration of precursor mixture for electrode dipping and dip/pre-heat-treat/calcine sequence. 








3 dip/pre-heat,  
1 calcine 
Mean Variance 
2.0 mol l-1 1.1678 V 1.1563 V 1.1795 V 1.1679 V 0.000134176 
2.75 mol l-1 1.1757 V 1.1343 V 1.1901 V 1.1667 V 0.00083946 
3.5 mol l-1 1.1892 V 1.1579 V 1.1836 V 1.1769 V 0.00027859 
Mean 1.1776 V 1.1495 V 1.1844 V 1.1705 V  
Variance 0.000117041 0.00017392 2.87337E-05  0.000336422 
 
Table 5.11. Two-factor ANOVA of initial ORR potential statistics in Table 5.10. 





0.00018693 2 9.3463E-05 0.82625223 0.50076983 No 
D/P/C sequence 0.00205199 2 0.00102599 9.07025546 0.03263959 Yes 
Error (Within) 0.00045247 4 0.00011312    





Table 5.12. Means and variances of cycle-life (at 20 mA cm-2) for thin nickel foam-based 
electrodes grouped by the following two preparation factors: Co(NO3)2 concentration of 
precursor mixture for electrode dipping and dip/pre-heat-treat/calcine sequence. Initial ORR 
potential and cycle-life are defined in the Figure 5.8 caption 










2.0 mol l-1 109 50 236 132 9034 
2.75 mol l-1 203 158 247 203 1980 
3.5 mol l-1 156 84 172 137 2197 
Mean 156 97 218 157  
Variance 2225 3049 1640  4475 
 
Table 5.13. Two-factor ANOVA of cycle-life statistics in Table 5.12. 





9372 2 4686 4.205592151 0.103870814 No 
D/P/C sequence 21967 2 10984 9.857797377 0.028448013 Yes 
Error (Within) 4457 4 1114    
Total 35796 8 4475    
 
Finally, the effect of the concentration of the PTFE emulsion used for applying the outer 
PTFE-coating was investigated by comparing three samples soaked in 15 wt.% PTFE to three 
samples soaked in 30 wt.% PTFE (three each of Electrode #’s 15 and 17 in Table 5.1). A two-
sample two-tail t-test assuming unequal variance was performed on the two groups of initial ORR 
potentials and cycle-lives. As shown in Table 5.14, the electrode soaked in 30 wt.% PTFE had a 
higher average mean ORR potential, but the t-test result in Table 5.15 showed that this difference 
was not statistically significant. Remarkably, however, the mean cycle-life of the electrodes soaked 





which was shown to be statistically significant in Table 5.17. It should also be noted that Electrode 
#17 was produced using only 4-hour pre-heat-treatment steps for the first two of the three dip/pre-
heat cycles, instead of the usual 16-hour times. This did not appear to have adverse affects on the 
electrode cycle life, at least not compared to the improvement from using a higher PTFE 
concentration for electrode soaking. 
 
Table 5.14. Means and variances of initial ORR potential (vs. Zn at 20 mA cm-2) for thin nickel 
foam-based electrodes prepared using 15 wt.% and 30 wt.% PTFE emulsions for outer PTFE-
coating. Initial ORR potential is defined in the Figure 5.8 caption. The results in this table are of 
Electrode #’s 15 and 17 in Table 5.1. 
PTFE concentration for 
outer PTFE-coating 
Count Mean Variance 
15 wt.% 3  1.1795 V 0.00012537 
30 wt.% 3  1.1912 V 0.00015050 
Pooled     0.00013794 
 
Table 5.15. Two-sample two-tail t-test assuming unequal variance of initial ORR potential 
statistics in Table 5.14. 
 
std err t-stat df p-value t-crit Significant? 
(α=0.05) 
Two Tail 0.00959 1.22703 3.96708 0.28761 2.78555 No 
 
Table 5.16. Means and variances of cycle-life (at 20 mA cm-2) for thin nickel foam-based 
electrodes prepared using 15 wt.% and 30 wt.% PTFE emulsions for outer PTFE-coating. Cycle-
life is defined in the Figure 5.8 caption. The results in this table are of Electrode #’s 15 and 17 in 
Table 5.1. 
PTFE concentration for 
outer PTFE-coating 
Count Mean Variance 
15 wt.% 3 236 4501 
30 wt.% 3 539 76 






Table 5.17. Two-sample two-tail t-test assuming unequal variance of cycle-life statistics in 
Table 5.16. 
 
std err t-stat df p-value t-crit Significant? 
(α=0.05) 
Two Tail 39 7.757 2.068 0.0147 4.171 Yes 
 
 
5.3.3 Specific Energy and Energy Density Estimation 
To gain insight into the feasibility of using the developed thin nickel foam-based air 
electrode in a rechargeable zinc-air battery, the specific energy and energy density of an idealized 
zinc-air battery design using this air electrode and various reversible zinc electrodes evaluated in 
Table 3.2 is calculated here. The specific energy (SE) and energy density (ED) of a zinc-air cell 
in an energy-dense configuration (electrolyte-soaked separator sandwiched between an air 
electrode and electrolyte-soaked zinc electrode, i.e. Figure 3.2) can be estimated according to 
Equations 5.1-5.5:  
 𝑆𝐸𝑍𝑛−𝑎𝑖𝑟 𝑐𝑒𝑙𝑙 =
𝐴𝐶𝑍𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
𝐴𝑀𝑍𝑛−𝑎𝑖𝑟  𝑐𝑒𝑙𝑙
× 𝑉𝑛𝑜𝑚𝑖𝑛𝑎𝑙     (Equation 5.1) 
𝐴𝑀𝑍𝑛−𝑎𝑖𝑟 𝑐𝑒𝑙𝑙 = 𝐴𝑀𝐴𝑖𝑟  𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 + 𝐴𝑀𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 + 𝐴𝑀𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 + 𝐴𝑀𝑍𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒  
(Equation 5.2) 
𝐴𝑀𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 = 𝐷𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 × (𝑃𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟𝑡𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 + 𝑃𝑍𝑛 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑡𝑍𝑛 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒) 
(Equation 5.3)  
 
 𝐸𝐷𝑍𝑖𝑛𝑐−𝑎𝑖𝑟 𝑐𝑒𝑙𝑙 =
𝐴𝐶𝑍𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
𝑡𝑍𝑛−𝑎𝑖𝑟  𝑐𝑒𝑙𝑙





𝑡𝑍𝑛−𝑎𝑖𝑟 𝑐𝑒𝑙𝑙 = 𝑡𝐴𝑖𝑟  𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 + 𝑡𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 + 𝑡𝑍𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒  
(Equation 5.5) 
where SE is specific energy, AC is areal capacity, AM is areal mass, V is voltage, D is density, P 
is porosity, and t is thickness. It should be noted that the mass of current collectors and cell casing 
is excluded from this analysis. The nominal voltage and the air electrode, separator and electrolyte 
properties used in Equations 5.1-5.5 are shown in Table 5.18. 
 
Table 5.18. Nominal voltage and air electrode, separator and electrolyte properties used for 
Equations 5.1-5.5.  
Vnominal (V) 1.1 
AMAir electrode (g cm-2) 0.0491 
tAir electrode (cm) 0.025 
AMSeparator (g cm-2) 0.00284 
tseparator (cm) 0.011 
PSeparator 0.55 
Delectrolyte (6 mol l-1 KOH) (g cm-3) 1.25 
 
 
Table 5.19 shows the results of performing these calculations. The idealized rechargeable 
zinc-air battery incorporating the thin nickel foam-based air electrode and either the 3D Zn sponge 
electrode[175] or the Bi-based nanoparticle coated Zn electrode[198] has competitive or better 
specific energy and energy densities in comparison to lithium-ion batteries (Figure 2.4), although 





account. However, both of these zinc electrodes have less than 100 demonstrated cycle lives, which 
may be insufficient even for automotive range-extender applications.[257] The other zinc electrodes 
considered here have higher cycle lives, but as seen in Table 5.19, their areal capacities are too 
low to enable a rechargeable zinc-air battery with competitive specific energy and energy density 
values even in the idealized cell calculation. Therefore, future work on zinc electrodes should 
prioritize achieving high cycle lives with areal capacities comparable to the 3D Zn sponge 
electrode or Bi-based nanoparticle coated Zn electrode in this analysis. 
 
5.4 Conclusions 
 In this work, a thin nickel foam-based air electrode was designed and successfully 
demonstrated for use in electrically rechargeable zinc-air batteries. The electrode was 2-4 times 
lighter and thinner than previously reported nickel-based air electrodes, while displaying similar 
or better ORR/OER activities and a higher cycle-life than the previously investigated thick nickel-
based air electrode. Specifically, more than 1100 charge-discharge cycles during over 700 hours 
of cycling at 10 mA cm-2 or more than 500 charge-discharge cycles during over 340 hours of 
operation at 20 mA cm-2 with a discharge potential over 1.0 V vs. Zn was observed. Calculations 
for an energy-dense zinc-air battery configuration were also performed, which showed that the 
thin nickel foam-based air electrode could enable competitive or better specific energy and energy 
density values compared to lithium-ion batteries, when paired with a high-areal capacity zinc 
electrode. The carbon-free design of the air electrode also makes it a promising candidate for use 





Table 5.19. Zinc electrode properties (from Table 3.2) and calculation of specific energy and 
energy density of rechargeable zinc-air batteries containing each zinc electrode paired with a thin 
























PZn electrode (higher) 0.795 0.75 0.75 0.75 0.75 
PZn electrode (lower) 0.795 0.60 0.60 0.60 0.60 
tZn  electrode (lower) (cm) 0.100 0.020 0.020 0.030 0.028 
tZn  electrode (higher) (cm) 0.400 0.020 0.020 0.030 0.028 
ACZn electrode (high Zn electrode porosity or 
low Zn electrode thickness)  
(mAh cm-2) 
92.8 6.75 11.04 30.74 20.36 
ACZn electrode (low Zn electrode porosity or 
high Zn electrode thickness)  
(mAh cm-2) 
371.2 10.80 17.66 49.19 32.58 
AMZn electrode (high Zn electrode porosity or 
low Zn electrode thickness) (g cm-2) 
0.127 0.0175 0.0235 0.0468 0.0347 
AMZn electrode (low Zn electrode porosity or 
high Zn electrode thickness) (g cm-2) 
0.510 0.0281 0.0376 0.0750 0.0556 
AMElectrolyte (high Zn electrode porosity or 
low Zn electrode thickness) (g cm-2) 
0.1069 0.0263 0.0263 0.0357 0.0338 
AMElectrolyte (low Zn electrode porosity or 
high Zn electrode thickness) (g cm-2) 
0.4051 0.0226 0.0226 0.0301 0.0286 
AMZn-air cell (high Zn electrode porosity or 
low Zn electrode thickness) (g cm-2) 
0.2864 0.0958 0.1018 0.1345 0.1205 
AMZn-air cell (low Zn electrode porosity or 
high Zn electrode thickness) (g cm-2)  
0.9669 0.1026 0.1121 0.1570 0.1361 
tZn-air cell (low Zn electrode thickness)  
(cm) 
0.1360 0.0560 0.0560 0.0660 0.0640 
tZn-air cell (high Zn electrode thickness) (cm) 0.4360 0.0560 0.0560 0.0660 0.0640 
SEZn-air cell (high Zn electrode porosity or 
low Zn electrode thickness)  
(Wh kg-1) 
356.5 77.5 119.3 251.5 185.9 
SEZn-air cell (low Zn electrode porosity or 
high Zn electrode thickness)  
(Wh kg-1) 
422.3 115.9 173.3 344.7 263.3 
EDZn-air cell (high Zn electrode porosity or 
low Zn electrode thickness) (Wh L-1) 
750.6 132.7 216.8 512.4 350.0 
EDZn-air cell (low Zn electrode porosity or 
high Zn electrode thickness) (Wh L-1) 
936.5 212.2 346.9 819.8 560.0 






Chapter 6: Conclusions and Future Work 
 
6.1 Conclusions 
 This thesis investigated the feasibility of using rechargeable zinc-air batteries for electric 
vehicle applications as well as electrode design considerations for achieving an energy-dense and 
long-lasting zinc-air battery cell. In Chapter 2, the energy and economic characteristics of zinc-
air batteries in comparison to hydrogen fuel cells and a number of other batteries (lead-acid, nickel-
metal hydride, lithium-sulfur, lithium-air) was thoroughly reviewed. Then, the potential abilities 
of these energy technologies to facilitate the growth of emerging electric vehicle markets, which 
so far have not been well served by the properties of lithium-ion batteries, were evaluated. Zinc-
air batteries have the highest practically achievable volumetric energy density among the other 
batteries, as well as a potentially higher specific energy, lower or equal cost and better safety 
relative to lithium-ion batteries. The gives them the ability to possibly better serve the emerging 
long-range and low-cost electric vehicle markets, and unlike hydrogen fuel cells, would not rely 
on the global development of renewable hydrogen production and transportation infrastructure. 
However, the low specific power, energy efficiency and cycle-life of zinc-air batteries means that 
they likely will not act as a primary energy source for electric vehicles, and instead they should be 
paired with a high-power, high-efficiency and high-cycle life battery. The most logical dual-
battery configuration that exploits the strengths and shelters the weaknesses of zinc-air batteries 





 Chapter 3 provided an overview of the specific technology challenges that electrically-
rechargeable zinc-air batteries are currently facing, with a specific lens placed on energy-dense 
zinc electrodes and configurations that need to be developed for electric vehicle range-extender 
applications. Four performance-limiting phenomena which typically hinder reversible zinc 
electrodes were detailed, namely dendrite growth, shape change, passivation/internal resistance 
and hydrogen evolution. Strategies to overcome these issues were summarized, and a selection of 
zinc electrodes from the literature incorporating one or more of these strategies was also evaluated. 
Table 3.2 revealed that many zinc electrodes with high reported cycle-lives have quite low areal 
capacities, while those with higher areal capacities tend to have lower cycle-lives, highlighting the 
difficulty in optimizing both parameters simultaneously. Electrode design fundamentals for 
bifunctional air electrodes were then reviewed, including their general architecture and the flooded 
agglomerate model which explains the need for a balance of hydrophobic and hydrophilic 
properties as well as electronic conductivity in the electrode design. Carbon-based materials and 
substrates together with polytetrafluoroethylene (PTFE) have conventionally been used to achieve 
these properties, but for zinc-air batteries with long calendar lives needed for EV range-extender 
applications, durable and corrosion-resistant metals such as nickel offer a promising alternative to 
carbon. Nickel-based air electrodes, however, have received relatively little attention in the 
literature, which provided the motivation for the experimental investigations in Chapters 4 and 5 
of the thesis.  
 In Chapter 4, the failure mechanism of nickel-based air electrodes in rechargeable zinc-air 





the alkaline electrolyte of rechargeable zinc-air batteries, preventing the structure from breaking 
down due to corrosion. However, the (oxy)hydroxide film also grows progressively thicker when 
the air electrode is subjected to repeated ORR and OER cycling. Since this film also converts 
between Ni(OH)2 and NiOOH with relatively low overpotentials at the beginning of each charge 
and discharge cycle, cut-off voltages were introduced into a “two-step” cycling regime that 
enabled electrochemical tracking of the (oxy)hydroxide film growth during the battery cycling. A 
correlation between the film growth and a loss of ORR activity mainly caused by mass transfer 
losses was revealed, and SEM, XRD and XPS analyses provided corroborating evidence of 
increasing resistance to oxygen transport caused by the film growing overtop of the metal-
supported catalyst.  
 Finally, in Chapter 5, a new nickel-based air electrode design with dramatically improved 
cycle-life and 2-4 times lower thickness and weight than previously proposed designs was 
introduced. This electrode, produced by a simple dip-coating procedure in a mixture of cobalt 
nitrate and PTFE particles, displayed over 1100 charge-discharge cycles at 10 mA cm-2, over 500 
charge-discharge cycles at 20 mA cm-2 and over 100 charge-discharge cycles at 50 mA cm-2 while 
maintaining an ORR potential greater than 1.0 V vs. Zn. The improved cycle-life was attributed to 
the absence of nickel metal powder and uniformly coated nickel foam struts, both resulting in 
slower nickel (oxy)hydroxide film growth, as well as the presence of sisal-like Co3O4 branches 
intermixed with PTFE particles, which were hypothesized to provide a beneficial balance between 
hydrophobic and hydrophilic properties needed for high-current cycling operation. The specific 





nickel foam-based air electrode and the zinc electrodes evaluated in Chapter 3 were calculated, 
showing values which were competitive or better than lithium-ion batteries if the zinc electrode 
had a relatively high areal capacity. Therefore, the thin, light-weight, high-stability, carbon-free 
and easily reproducible air electrode developed in this work could be an ideal choice to employ in 
a durable and energy-dense rechargeable zinc-air battery for electric vehicle range-extender 
applications. 
 
6.2 Future Work 
 Based on the results of this thesis, three major recommendations for future work are provided 
here. First, more fundamental research on the performance and failure mechanism of nickel-based 
air electrodes should be completed. For instance, cross-sectional SEM or transmission electron 
microscopy (TEM) characterization of the air electrode after cycling could more directly confirm 
the presence of the nickel (oxy)hydroxide layer overtop of the catalyst-coated electrode. Further 
SEM, XPS and XRD analyses before and after electrochemical cycling should also be carried out 
with direct comparisons made between cobalt nitrate-coated electrodes and mixed PTFE/cobalt 
nitrate-coated electrodes, as well as between Co3O4-coated electrodes and NiCo2O4-coated 
electrodes, to provide further insight into the morphological, crystallographic and surface 
chemistry changes (and their relative rates) resulting from electrochemical operation. This could 
enable a more detailed understanding of the mechanism in which the nickel (oxy)hydroxide film 
growth interacts or interferes with the catalyst, and how the various preparation methods affect 





with higher durability or higher current operability. Additionally, other metal-based air electrodes 
could be investigated in terms of their oxide growth rates, post-cycling morphologies, and 
ultimately their electrochemical durability compared to nickel-based air electrodes.  
Secondly, further design and testing of the thin nickel foam-based air electrode (or other 
metal-based air electrodes) should be completed. Several design factors were not explored in this 
work, such as the nickel foam thickness and the concentration of PTFE in the precursor dip-coating 
solution, while other parameters such as possibly even lower cobalt nitrate concentration, more 
precisely optimized outer-PTFE coating emulsion concentration, and other heat-
treatment/calcination temperatures and times could use further investigation. Additionally, 
protective coatings with sufficient electronic conductivity could also be applied to the nickel foam 
before applying the catalyst/PTFE layer in order to provide a barrier between the nickel metal foam 
and electrolyte, thus reducing its oxidation rate during electrochemical cycling. Long-term 
operational testing of the air electrodes, including long periods of inactivity between 
charge/discharge cycles, should also be conducted to determine whether the electrode can provide 
a long calendar-life in addition to its long cycle-life. An air electrode that shows long calendar-life 
in addition to long cycle-life is ultimately what would be needed to enable long-lasting zinc-air 
battery range-extenders in electric vehicles.  
 The last major recommendation arising from this work is to spend significant efforts on the 
zinc electrode design and total cell design. Zinc electrodes with high areal capacities and decent 
cycle-lives are necessary to enable energy-dense, electrically rechargeable zinc-air batteries for 





operation in an energy-dense cell configuration should also be prioritized, since their cycle-lives 
and also the overall durability of the whole cell is likely to face more challenges in a minimum-
electrolyte configuration. Hydrophilic materials or gelled electrolytes will likely need to be 
developed to prevent electrolyte evaporation, and hydrogen evolution at the zinc electrode will 
also need to receive greater consideration in the minimum-electrolyte configuration to minimize 
electrolyte consumption. Ultimately, full-cell testing under cycling protocols relevant to electric 
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Theoretical Specific Energy Calculation 
 
Unlike conventional batteries, metal-air batteries gain mass as they are discharged. This is 
due to oxidation of the metal from O2, which enters from outside the battery during the discharge 
process. Therefore, the “instantaneous” theoretical specific energy of a metal-air battery changes 
as it is discharged, and is governed by Equation A.1: 
 
















where F is the Faraday constant, n is the number of electrons transferred per metal ion, OCV is the 
metal-air battery’s nominal voltage, DOD is the fractional depth of discharge (0 for fully charged 
state, 1 for fully discharged state), MMetal is the molar mass of the metal anode and MM+O is the 
combined molar mass of the metal anode and the stoichiometric amount of O2 that enters the 
battery. To calculate the overall theoretical specific energy of the metal-air battery, Equation A.1 






















+ C]  
where C is a constant. Evaluating from DOD=0 to DOD=1 reveals the overall theoretical specific 
energy of the metal-air battery (Equation A.2): 
 














ln [MM+O MMetal⁄ ]
MM+O−MMetal
] (Equation A.2) 
 
By accounting for O2 uptake, the specific energy calculated with Equation A.2 enables a more 
realistic comparison of metal-air battery energy densities, either between each other or with 
conventional closed-system battery chemistries. This equation is thus used to calculate the specific 







Theoretical Metal-Air Battery Parameters 
 
For each of the metal-air battery chemistries presented in Figure 1.1, Table A.1 lists the 
most relevant theoretical parameters and the values used to calculate them. Specific capacity and 
specific energy values are calculated using the method described above. Volumetric capacity and 
energy densities were calculated using the density of the anode in its most favorable oxidized phase 
(Equation A.3), since the volume of a metal-air battery must accommodate the associated volume 
expansion of this phase from the metallic form. 
𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = (𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦) ∙ (𝑂𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝐴𝑛𝑜𝑑𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦)  
 (Equation A.3) 





























Li 1 6.94 22.94 Li2O2 2.31 2.96 2003 2699 5928 7989 
K 1 39.10 71.10 KO2 2.14 2.37 501 807 1187 1913 
Na 1 22.99 54.99 NaO2 2.20 2.30 730 1072 1680 2466 
Mg 2 24.31 40.30 Mg(OH)2 2.34 3.09 1695 3112 5238 9619 
Al 3 26.98 50.98 Al(OH)3 2.42 2.71 2132 3817 5779 10,347 
Zn 2 65.39 81.41 ZnO 5.61 1.66 733 3694 1218 6136 







Supplementary Tables for Chapter 2 
 
Supplementary Tables for Chapter 2 are available in Excel format online at  
https://static-content.springer.com/esm/art%3A10.1038%2Fs41560-018-0108-
1/MediaObjects/41560_2018_108_MOESM1_ESM.xlsx 
or 
https://tinyurl.com/y5mx7yyh 
 
